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Foreword
Will future mobile communication systems need network planning or
not? There are presently numerous activities going on for the
development of products for ad hoc networks. Ad hoc networks consist
of transceivers, mostly mobile, which connect themselves with their
neighbors and thereby create a communications network without any
planning process. A deeper look into this subject shows, however, that
ad hoc networks are a solution for small limited areas. They can not
handle high-density traffics and they can not work over long distances.
The conclusion is that the planning of mobile communication networks,
especially base station placement will be one of the primary tasks also
in the future.
The Ph.D. thesis of Dr. Huang delivers significant new ideas, concepts
and results for mobile network design. The design process of base
station placement and dimensioning is modeled and optimized by a
multi-objective genetic algorithm. Genetic algorithms allow to include
easily a number of incommensurable criteria, for example cost and
coverage. The planning process is, as it follows biological evolution,
easily understandable. I wish that the results of this thesis are well
accepted by the community and the ideas spread out throughout the
world.
Prof. Dr.-Ing. Werner Wiesbeck
- Institutsleiter -
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7KH IXWXUH LVPRELOH2Q WKH RQH KDQGPRUH DQGPRUH SHRSOHZLOO VSHQGPXFK RI
WKHLUWLPHRQWKHURDGZKHWKHUZRUNLQJRUGXULQJYDFDWLRQ3HRSOHZDQWDFFHVVWRWKH
WHOHFRPPXQLFDWLRQ VHUYLFHV LQ DQ\ SODFH DW DQ\ WLPH2Q WKH RWKHU KDQGPRUH DQG
PRUH FRPPXQLFDWLRQ GHYLFHV DUH SRUWDEOH VXFK DV SDJHUVPRELOH SKRQHV SHUVRQDO
GLJLWDO DVVLVWDQWV 3'$V ODSWRSV DQG SDOPWRSV 7KH GHYHORSPHQW RI ZLUHOHVV
FRPPXQLFDWLRQV WDNHV WKHVH IDFWV LQWR DFFRXQW 1HZ WHFKQRORJLHV DQG VHUYLFHV DUH




V\VWHPV 7KH IROORZLQJ VHFWLRQ KLJKOLJKWV WKH EDFNJURXQG DQG PRWLYDWLRQ IRU WKLV







FRPPXQLFDWLRQV LV YHU\ OLPLWHG HIILFLHQW XVH RI WKH IUHTXHQF\ UHVRXUFH LV QHHGHG
&XUUHQWO\ FHOOXODU V\VWHPV VXFK DV WKH JOREDO V\VWHP IRU PRELOH FRPPXQLFDWLRQV
*60DUHZLGHO\GHSOR\HGEHFDXVHWKHFHOOXODUFRQFHSWXVHVIUHTXHQFLHVLQDPRUH




EXW WKLV DVVXPSWLRQ LV JHQHUDOO\ QRW IXOILOOHG LQ UHDOPRELOH QHWZRUNV 6LQFH WHUUDLQ
DQGRWKHUIDFWRUVPD\UHVXOWLQZHDNUDGLRVLJQDOVLQFHUWDLQDUHDVWKHSRVLWLRQRIEDVH
VWDWLRQV %6VPXVW EH FKDQJHG LQ RUGHU WR SURYLGH VDWLVIDFWRU\ FRYHUDJH 7KXV WKH
GHVLJQ RI FHOOXODU V\VWHPV QHHGV D ZD\ WR RSWLPL]H WKH SODFHPHQW RI %6V
 &+$37(5,1752'8&7,21
)XUWKHUPRUH WKH UDSLG GHYHORSPHQW RI FHOOXODUPRELOH QHWZRUNV LQFUHDVHV WKH QHHG
IRU HFRQRPLF XVH RI WKH DYDLODEOH IUHTXHQF\ UHVRXUFH +HQFH ZRUOGZLGH UHVHDUFK
DFWLYLWLHVKDYHEHHQGRQHRQWKHFKDQQHODVVLJQPHQWSUREOHP&$3DOVRFDOOHGWKH
IUHTXHQF\DVVLJQPHQWSUREOHP)$3LQVRPHOLWHUDWXUH>.RVWHU@2QFHWKHFHOO





'LVWLQJXLVKHG IURP WKH VSHFWUDO FRVW WKH FRVW IRU EXLOGLQJ DPRELOH QHWZRUN LV
FDOOHGILQDQFLDOFRVW ,QDQH[WUHPHO\FRPSHWLWLYHPDUNHW WKHILQDQFLDOFRVW LVDNH\
HOHPHQW LQ GHWHUPLQLQJ WKH HFRQRPLF IHDVLELOLW\ RI DQ\ FRPPXQLFDWLRQ V\VWHP
+RZHYHUHFRQRPLFDVSHFWVRIPRELOHQHWZRUNGHVLJQDUHQRWDGGUHVVHGHIIHFWLYHO\LQ
PRVW RI WKH H[LVWLQJ QHWZRUN SODQQLQJ WRROV 7KHVH WRROV DUH EDVLFDOO\ ³SUHGLFWLRQ
WRROV´ >&KHXQJ@ EHFDXVH WKH\ PHUHO\ SUHGLFW WKH UDGLR VLJQDO FRYHUDJH DQG
VRPHV\VWHPSHUIRUPDQFHPHDVXUHVVXFKDVELWHUURUUDWH%(5RXWDJHSUREDELOLW\
DQG EORFNLQJ SUREDELOLW\ DFFRUGLQJ WR VHYHUDO HVWDEOLVKHG SURSDJDWLRQPRGHOV 7KH
KDQGOLQJ RI HFRQRPLF LVVXHV LV XVXDOO\ OHIW WR WKH H[SHUWLVH RI QHWZRUN SODQQHUV$
JRRGGHVLJQPHWKRG VKRXOG EH DEOH WRPLQLPL]H WKH ILQDQFLDO FRVW DQG WR FRQVLGHU





PDQ\ FRXQWULHV ZKLFK IRUFH RSHUDWRUV WR UHFRQILJXUH WKHLU QHWZRUNV YLUWXDOO\ RQ D
PRQWKO\ EDVLV 7KHUHIRUH WKH VHDUFK IRU LQWHOOLJHQW WHFKQLTXHV ZKLFK PD\
FRQVLGHUDEO\ DOOHYLDWH SODQQLQJ HIIRUWV DQG DVVRFLDWHG FRVWV EHFRPHV H[WUHPHO\
LPSRUWDQWIRURSHUDWRUVLQDFRPSHWLWLYHPDUNHW
 5(6($5&+6&23($1'2%-(&7,9(6
&HOO SODQQLQJ LV D YHU\ FRPSOH[ WDVN DVPDQ\ DVSHFWVPXVW EH WDNHQ LQWR DFFRXQW
LQFOXGLQJWKHWRSRJUDSK\PRUSKRORJ\WUDIILFGLVWULEXWLRQH[LVWLQJLQIUDVWUXFWXUHDQG
VR RQ 7KLQJV EHFRPH PRUH FRPSOLFDWHG EHFDXVH D KDQGIXO RI FRQVWUDLQWV DUH
LQYROYHG VXFK DV WKH V\VWHP FDSDFLW\ VHUYLFH TXDOLW\ IUHTXHQF\ EDQGZLGWK DQG
FRRUGLQDWLRQ UHTXLUHPHQWV1RZDGD\V LW LV WKH QHWZRUN SODQQHU¶V WDVN WRPDQXDOO\
SODFH%6VDQGWRVSHFLI\WKHLUSDUDPHWHUVEDVHGRQSHUVRQDOH[SHULHQFHDQGLQWXLWLRQ
7KHVHPDQXDOSURFHVVHVKDYH WRJR WKURXJKDQXPEHURI LWHUDWLRQVEHIRUHDFKLHYLQJ
VDWLVIDFWRU\ SHUIRUPDQFH DQG GR QRW QHFHVVDULO\ JXDUDQWHH DQ RSWLPXP VROXWLRQ ,W
FRXOG ZRUN ZHOO ZKHQ WKH GHPDQG IRU PRELOH VHUYLFHV ZDV ORZ +RZHYHU WKH
5(6($5&+6&23($1'2%-(&7,9(6 




PRELOH WHOHFRPPXQLFDWLRQV V\VWHP 8076 DLP WR RIIHU D PXOWLWXGH RI
WHOHFRPPXQLFDWLRQ VHUYLFHV UDQJLQJ IURP VSHHFK FRPPXQLFDWLRQ DQG YLGHR
WHOHSKRQ\ WRKLJKGDWD UDWH ILOH WUDQVIHUXS WR0EV7KH WUDIILF GHQVLW\ JHQHUDWHG
ZLOO YDU\ VXEVWDQWLDOO\ DV GLIIHUHQW VHUYLFHV UHTXLUH GLIIHUHQW WUDQVPLVVLRQ UDWHV WKDW
FDQ YDU\ XS WR WZR RUGHUV RI PDJQLWXGH >+ROPD@ $V D UHVXOW WKH WUDIILF
GLVWULEXWLRQ ZLOO EH G\QDPLF 7KLV DOVR PDNHV WKH FRQYHQWLRQDO GHVLJQ PHWKRGV





D KLJKTXDOLW\ PRELOH QHWZRUN ZKLFK JXDUDQWHHV WKH V\VWHP SHUIRUPDQFH LH D





SL[HOV DQG HDFK SL[HO LV D SRWHQWLDO FHOO VLWH 7KH QXPEHU RI SRVVLEOH FHOO VHWV LH
GLIIHUHQWFRPELQDWLRQVRISRWHQWLDOFHOOVLVQPZKHQRQO\FRQVLGHULQJWKH%6VLWH,Q
SULQFLSOH WKLV LV D QRQGHWHUPLQLVWLF SRO\QRPLDO 13 FRPELQDWRULDO RSWLPL]DWLRQ
SUREOHP >*DUH\@ 6LQFH WKH SDUDPHWHUV RI HDFK FHOO VXFK DV WKH WUDQVPLWWHG





DYDLODEOH FKDQQHO DVVLJQPHQW DOJRULWKPV FDQ EH XVHG WRPLQLPL]H WKH VSHFWUDO FRVW
VXFKDV WKRVHSUHVHQWHG LQ >%R[.XQ]0DWKDU1JR DQG
%HFNPDQQ@ EXW WKH\ GR QRW FRQVLGHU WKH RSWLPL]DWLRQ RI FHOO VLWHV DQG
GLPHQVLRQV2QWKHRWKHUKDQGDOJRULWKPVIRUPLQLPL]LQJWKHILQDQFLDOFRVWKDVQRW
EHHQ H[WHQVLYHO\ LQYHVWLJDWHG >&DOpJDUL&KDPDUHW DQG0ROLQD@
VWXGLHGJHQHWLFDOJRULWKPV*$VIRUFKRRVLQJDPLQLPXPQXPEHURIFHOOVIURPWKH
JLYHQ SRWHQWLDO FHOOVZKLOH >7XWVFKNX@ XVHG QHXUDO QHWZRUN WHFKQLTXHV LQ DQ
LQWHJUDWHG FHOOXODU QHWZRUN SODQQLQJ WRRO ,Q >+DR@ DQ DOJRULWKP EDVHG RQ




2QH LPSRUWDQW FKDUDFWHULVWLF RI WKH FHOO SODQQLQJ SUREOHP LV WKDW WKH GHVLJQ
FULWHULDDUHLQWHUUHODWHGLQFUHDVLQJWKHFRYHUDJHSUREDEO\FDXVHVKLJKHUILQDQFLDOFRVW
LPSURYLQJ WKH V\VWHP FDSDFLW\ SUREDEO\ UHTXLUHV PRUH FKDQQHOV 7KXV WKHUH DUH
VHYHUDOREMHFWLYHVQHHGHG WREHFRQVLGHUHGVLPXOWDQHRXVO\8VXDOO\ WKHVSHFWUDOFRVW




RI WKH QRUPDOL]HG REMHFWLYH IXQFWLRQV RU WR RSWLPL]H RQH RI WKH REMHFWLYHV ZKLOH
WUHDWLQJ WKH RWKHUV DV FRQVWUDLQWV VXFK WKDW WKH 023 LV FRQYHUWHG LQWR DQG
VXEVHTXHQWO\ VROYHG DV D VLQJOH REMHFWLYH RSWLPL]DWLRQ SUREOHP 623 ,Q 023
KRZHYHU EHFDXVH WKH REMHFWLYHV PD\ EH FRQIOLFWLQJ WKHUH GRHV QRW H[LVW D XQLTXH
RSWLPDO VROXWLRQ WKDW LV JOREDO RSWLPXPZLWK UHVSHFW WR DOO WKH REMHFWLYHV ,QVWHDG
WKHUH LVD VHWRIRSWLPDO VROXWLRQVZKLFK UHSUHVHQW WUDGHRIIVEHWZHHQ WKH FRQIOLFWLQJ
REMHFWLYHV7KHVHVROXWLRQVDUHRSWLPDO LQ WKHZLGHU VHQVH WKDWQRRWKHU VROXWLRQV LQ
WKHVHDUFKVSDFHDUHVXSHULRU WRWKHPZKHQDOOREMHFWLYHVDUHFRQVLGHUHG ,GHDOO\ZH
ZRXOG OLNH WR REWDLQ D VHW RI WUDGHRII VROXWLRQV IURP ZKLFK D JRRG FRPSURPLVH
VROXWLRQFDQEHFKRVHQVXEMHFWWRWKHSUHIHUHQFHRIWKHGHFLVLRQPDNHU
7KH SRWHQWLDO RI *$V WR EHFRPH D SRZHUIXO PHWKRG IRU PXOWLREMHFWLYH
RSWLPL]DWLRQ KDV ORQJ EHHQ UHFRJQL]HG >6FKDIIHU@ *$V VHHP SDUWLFXODUO\
VXLWDEOH WR VROYH 023V EHFDXVH WKH\ GHDO VLPXOWDQHRXVO\ ZLWK D VHW RI SRVVLEOH
VROXWLRQVQDPHO\DSRSXODWLRQ7KLVLQKHUHQWFKDUDFWHULVWLFDOORZVXVWRILQGDVHWRI
WUDGHRII VROXWLRQV LQ D VLQJOH RSWLPL]DWLRQ UXQ 7KHUHIRUH PXOWLREMHFWLYH JHQHWLF




7KLV WKHVLV LV DUUDQJHG LQ VHYHQ FKDSWHUV&KDSWHU  SURYLGHV WKH IXQGDPHQWDOV DQG
EDVLFWHFKQLTXHVRIFHOOSODQQLQJ7KHFRQFHSWXDOEDVLVRIFHOOXODUV\VWHPGHVLJQDQG
GHVLJQ REMHFWLYHV DUH ILUVW GLVFXVVHG 7KLV LV IROORZHG E\ D UHYLHZ RI UDGLR ZDYH
SURSDJDWLRQ LQ DPRELOH FRPPXQLFDWLRQV HQYLURQPHQW$ W\SLFDO GHVLJQ SURFHVV RI
FHOO SODQQLQJ LV DOVR RXWOLQHG 7KH EDVLF VWHSV LQFOXGLQJ WKH FRYHUDJH SUHGLFWLRQ




NLQGVRISUREOHPVFDQEHGLVWLQJXLVKHGFHOO VHOHFWLRQFHOO GLPHQVLRQLQJ DXWRPDWLF
EDVH VWDWLRQSODFHPHQW DQGGLPHQVLRQLQJ $%63$' DQG JURZWKSODQQLQJ)RU WKH
7+(6,6287/,1( 
ILUVW WLPH V\VWHP SHUIRUPDQFH FULWHULD DUH DGGUHVVHG E\ WKH ORFDO FRQGLWLRQV DQG
JOREDO FRQGLWLRQV 7KH ORFDO FRQGLWLRQV LQFOXGLQJ WKH WUDIILF ORDG DQG LQWHUIHUHQFH
SUREDELOLW\DUHGHILQHGRQHDFKVLQJOHFHOOZKLOHWKHJOREDOFRQGLWLRQVDUHGHILQHGRQ
WKH ZKROH V\VWHP D VHW RI FHOOV LQFOXGLQJ WKH FRYHUDJH UDWH VSHFWUDO FRVW DQG
ILQDQFLDO FRVW 7KH JOREDO FRQGLWLRQV DUH XVHG DV RSWLPL]DWLRQ REMHFWLYHV &HOO
SODQQLQJ SUREOHPV DUH W\SLFDO 023V DV VHYHUDO REMHFWLYHV QHHG WR EH FRQVLGHUHG
VLPXOWDQHRXVO\7KHSULQFLSOHRIPXOWLREMHFWLYHRSWLPL]DWLRQLVLQWURGXFHGLQ6HFWLRQ
ZKLFKDOVRUHYLHZVFODVVLFDOPHWKRGVIRUVROYLQJ023V
7KHLQVXIILFLHQF\RIFODVVLFDOPHWKRGVJLYHV ULVH WR WKHUHVHDUFKRQ02*$V$
JHQHUDO LQWURGXFWLRQ WR *$V LV JLYHQ LQ 6HFWLRQ  7KLV LV IROORZHG E\ D PRUH
GHWDLOHG DQDO\VLV RI WKH GHVLJQ DVSHFWV RI *$V 6XEVHTXHQWO\ UHDOYDOXHG *$V DUH
SUHVHQWHGIRUFRQWLQXRXVSDUDPHWHURSWLPL]DWLRQ6HFWLRQLVGHYRWHGWR02*$V
)LUVW WKH NH\ HOHPHQWV RI *$V IRU PXOWLREMHFWLYH VHDUFK DUH GLVFXVVHG WKHQ D




SURFHVVHV 7KLV DSSURDFK WRJHWKHU ZLWK WKH 16*$ ZLOO EH DSSOLHG WR WKH FHOO
SODQQLQJSUREOHPV
,Q &KDSWHU  GLVN JUDSK PRGHOV '*0V DUH LQWURGXFHG IRU WKH SXUSRVH RI
LQYHVWLJDWLQJDOJRULWKPVIRUFHOOSODQQLQJSUREOHPV ,Q6HFWLRQWHVWSUREOHPVIRU
FHOO VHOHFWLRQ PRGHO DUH SUHVHQWHG DQG WKH HOLWLVW 16*$ LV DSSOLHG 9DULRXV *$
SDUDPHWHUVDUHLQYHVWLJDWHGLQRUGHUWRLPSURYHWKHDOJRULWKPSHUIRUPDQFH,Q6HFWLRQ
 UHDOYDOXHG*$VDUHDSSOLHG WRFHOO GLPHQVLRQLQJSUREOHPV LQ FRPSDULVRQZLWK
ELQDU\*$V$IWHUZDUGVWKH%6SODFHPHQWSUREOHPLVFRQVLGHUHGLQ6HFWLRQ7KH
FRPSXWDWLRQDOFRPSOH[LW\PDNHVWKLVSUREOHPLQWUDFWDEOH7RRYHUFRPHWKLVSUREOHP

















DUH UHYLHZHG $IWHUZDUGV ZH ZLOO GLVFXVV WKH EDVLF GHVLJQ VWHSV LQ WKH IROORZLQJ
VHFWLRQV 6HFWLRQ  SUHVHQWV D SUREDELOLVWLF PRGHO WR SUHGLFW WKH FHOO FRYHUDJH
6HFWLRQJLYHVDWUDIILFHVWLPDWLRQPRGHODQGDQDOJRULWKPWRFDOFXODWHWKHQXPEHU
RIWUDIILFFKDQQHOV7&+V,Q6HFWLRQWKHLQWHUIHUHQFHSUREDELOLW\EHWZHHQDSDLU
RIFHOOV LVFDOFXODWHG%DVHGRQ WKH LQWHUIHUHQFHSUREDELOLW\ WKH FRPSDWLELOLW\PDWUL[





XQLW RI D FHOOXODU V\VWHP ,Q SUDFWLFH HQJLQHHUV GUDZ KH[DJRQDOVKDSHG FHOOV RQ D
OD\RXWWRVLPSOLI\WKHSODQQLQJDQGGHVLJQRIDFHOOXODUV\VWHPEHFDXVHLWDSSURDFKHVD
FLUFXODUVKDSHWKDWLVWKHLGHDOFRYHUDJHDUHDRIDEDVHVWDWLRQ>/HH@,QWKHUHDO
ZRUOG KRZHYHU HDFK FHOO YDULHV GHSHQGLQJ RQ WKH UDGLR HQYLURQPHQW 'XH WR
FRQVWUDLQWV LPSRVHG E\ WKH QDWXUDO DQGPDQPDGH WHUUDLQ WKH UHDO VKDSH RI FHOOV LV
YHU\ LUUHJXODU %DVHG RQ WKH VL]H RI FHOOV WKH\ FDQ EH FODVVLILHG DV RQH RI WKH
IROORZLQJWKUHHW\SHV
0DFURFHOOVSURYLGHVRYHUDOOFRYHUDJHHVSHFLDOO\WRIDVWPRYLQJPRELOHVOLNHWKRVHLQ
FDUV 7KH EDVH VWDWLRQ DQWHQQD LV PRXQWHG DERYH WKH VXUURXQGLQJ EXLOGLQJV
SURYLGLQJDFHOOUDGLXVIURPDURXQGWRNP
0LFURFHOOVDUHXVHGLQDUHDVZLWKKLJKVXEVFULEHUGHQVLW\VXFKDVXUEDQDQGVXEXUEDQ





DW WKH HOHYDWLRQ RI ERRNVKHOYHV VR WKH FRYHUDJH LV GLFWDWHG E\ WKH VKDSH DQG







0DFURFHOO aNP a: !PWRSRIWDOOEXLOGLQJV
/DUJHDUHDFRYHUDJHVXSSRUWKLJKVSHHGPRELOHV
0LFURFHOO aNP a: PVWUHHWODPSHOHYDWLRQ +LJKVXEVFULEHUGHQVLW\DUHDV
3LFRFHOO P P: &HLOLQJWRSRIERRNVKHOYHV 0DLQO\IRULQGRRU
* &HOOUDGLXVLVXVHGWRLQGLFDWHWKHFHOOVL]HDOWKRXJKWKHFHOOVKDSHLVQRWFLUFXODU
7UDGLWLRQDO PRELOH V\VWHPV ZHUH FRQVWUXFWHG LQ D IDVKLRQ VLPLODU WR UDGLR RU
WHOHYLVLRQEURDGFDVWLQJ2QHYHU\SRZHUIXO WUDQVPLWWHU ORFDWHGDW WKHKLJKHVWVSRW LQ
DQDUHDEURDGFDVWVLQDUDGLXVRIXSWRNLORPHWHUV7KHFHOOXODUFRQFHSWVWUXFWXUHV
WKH PRELOH WHOHSKRQH QHWZRUN LQ D VSHFWUDO HIILFLHQW ZD\ ,QVWHDG RI XVLQJ RQH
SRZHUIXOWUDQVPLWWHUPDQ\ORZSRZHUWUDQVPLWWHUVDUHSODFHGWKURXJKRXWWKHVHUYLFH
DUHD)RUH[DPSOHE\GLYLGLQJDPHWURSROLWDQUHJLRQLQWRRQHKXQGUHGGLIIHUHQWDUHDV
FHOOV ZLWK ORZSRZHU WUDQVPLWWHUV XVLQJ  FKDQQHOV HDFK WKH V\VWHP FDSDFLW\
WKHRUHWLFDOO\ FDQ EH LQFUHDVHG IURP  FKDQQHOV XVLQJ RQH SRZHUIXO WUDQVPLWWHU WR
 FKDQQHOV XVLQJ RQH KXQGUHG ORZSRZHU WUDQVPLWWHUV 7KLV PHDQV WKDW WKH








 $V WKH GHPDQG IRU PRELOH VHUYLFHV JURZV WKH V\VWHP VKRXOG EH DEOH WR
DFFRPPRGDWHWKDWJURZWKE\VXEGLYLGLQJDFRQJHVWHGFHOOLQWRVPDOOHUFHOOV
:+$7,6&(//3/$11,1* 
,Q WKH IROORZLQJ WKHVH EDVLF HOHPHQWVZLOO EH H[SODLQHG IURP WKH SRLQW RI YLHZ RI
FHOOXODUV\VWHPGHVLJQ
$ )UHTXHQF\UHXVH
)UHTXHQF\ UHXVH LV WKH FRUH FRQFHSW RI WKH FHOOXODU UDGLR V\VWHP LQZKLFK XVHUV LQ
GLIIHUHQW JHRJUDSKLFDO ORFDWLRQV GLIIHUHQW FHOOV PD\ VLPXOWDQHRXVO\ XVH WKH VDPH
IUHTXHQF\ FKDQQHO )&+7KH IUHTXHQF\ UHXVH FRQFHSW FDQ GUDVWLFDOO\ LQFUHDVH WKH
VSHFWUDO HIILFLHQF\ EXW LI WKH V\VWHP LV QRW SURSHUO\ GHVLJQHG VHULRXV LQWHUIHUHQFH
PD\ RFFXU ,QWHUIHUHQFH GXH WR WKH FRPPRQ XVH RI WKH VDPH FKDQQHO LV FDOOHG FR
FKDQQHOLQWHUIHUHQFH&&,DQGLVRXUPDMRUFRQFHUQLQFHOOSODQQLQJ
)LJXUH )UHTXHQF\UHXVHSDWWHUQ,QWKLVH[DPSOHWKHFOXVWHUVL]HLVLHHDFKFHOO
XVHV  RI WKH DYDLODEOH FCHV &HOOV ZLWK WKH VDPH QXPEHU KDYH WKH VDPH VHW RI
FKDQQHOV(DFKFHOOKDVVL[FRFKDQQHOLQWHUIHULQJFHOOVLQWKHILUVWWLHU
7KH VHW RI IUHTXHQFLHV DYDLODEOH LQ WKH V\VWHP LV DVVLJQHG WR D JURXS RI FHOOV
FRQVWLWXWLQJ D FOXVWHU DV VKRZQ LQ )LJXUH  &HOOV DUH DVVXPHG WR KDYH D UHJXODU









































































WKH GLVWDQFH EHWZHHQ WKH QHDUHVW FRFKDQQHO FHOOV' 7KH UDWLR'5 FDOOHG WKH FR
FKDQQHOUHXVHUDWLRLVUHODWHGWRWKHFOXVWHUVL]H,QDKH[DJRQDOJHRPHWU\LWLVIRXQG
WKDW
.5'  =  
2EYLRXVO\DVPDOOFOXVWHUVL]HSURYLGHVDKLJKHUVSHFWUDOHIILFLHQF\WKDWLVGHILQHGDV
WKH QXPEHU RI VXEVFULEHUV SHU )&+ VXSSRUWHG E\ WKH V\VWHP 7KH IHZHU FHOOV SHU






















& gg  =@ 
ZKHUH g LV WKH SDWK ORVV H[SRQHQW W\SLFDOO\ UDQJLQJ IURP  WR  IRU JURXQGWR
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& g G% 
ZH JHW.  7KHUHIRUH WKH FHOO UHXVH SDWWHUQ FDQ EH HPSOR\HG IRUPD[LPXP
VSHFWUDOHIILFLHQF\7KLVH[DPSOH LQGLFDWHV WKDW WKH&&,GHWHUPLQHV WKH WUDQVPLVVLRQ
:+$7,6&(//3/$11,1* 









EXVLHVW KRXU WKH VRFDOOHG EXV\ KRXU 3URYLGLQJ WKH DYHUDJH FRQYHUVDWLRQ WLPH LV7
VHFRQGV DQG WKH QXPEHU RI FDOOV SHU VXEVFULEHU DW WKH EXV\ KRXU LV l WKH WUDIILF
RIIHUHGE\DQDYHUDJHVXEVFULEHULV






3RLVVRQ %ORFNHG FDOOV ZLOO ZDLW QR ORQJHU WKDQ WKHLU DYHUDJH KROGLQJ WLPH ,I D
FKDQQHOEHFRPHVLGOHEHIRUHWKHKROGLQJWLPHH[SLUHVWKHFDOOZLOOVHL]HLWDQG
XVHLWIRUWKHUHPDLQLQJSDUWRUGXUDWLRQRILWVKROGLQJWLPH




FDOOV DUH FOHDUHGZKHQHYDOXDWLQJ WKH DPRXQW RI WUDIILF WKDW FDQ EH VHUYLFHGZKLOH








































 7KH FHOOXODU V\VWHP PXVW EH GHVLJQHG LQ VXFK D ZD\ WKDW WKHUH DUH DGHTXDWH
RYHUODSSLQJDUHDEHWZHHQFHOOV




























KDQGRII3KR ZKLFK LV KLJKHU WKDQ WKH PLQLPXP XVDEOH VLJQDO VWUHQJWK3PLQ IRU
DFFHSWDEOHYRLFHTXDOLW\7KHKDQGRIIPDUJLQJLYHQE\DKR 3KR3PLQPXVWEH
















)LJXUH &RYHUDJHRULHQWHGFHOOVSOLWWLQJDQGFDSDFLW\RULHQWHGFHOOVSOLWWLQJ ,Q D
WKH UDGLXV RI QHZ FHOOV LV WKH VDPH DV WKDW RI WKH RULJLQDO FHOO 7KH QHZ FHOOV FRYHU D
ODUJHUDUHD,QEWKHUDGLXVRIQHZFHOOVLVKDOIRIWKHRULJLQDOFHOO7KHWUDIILFFDSDFLW\
LQFUHDVHV
7KLVFHOOVSOLWWLQJ WHFKQLTXHFDQEHXVHG LI WKHFRYHUDJHDUHDQHHGV WREH LQFUHDVHG
7KH VHFRQG LV FDSDFLW\RULHQWHG FHOO VSOLWWLQJ VHH )LJXUH E$ FHOO LV VSOLW LQWR









-= WW 33 G% 
$QRWKHU ZD\ WR LQFUHDVH FDSDFLW\ LV WR NHHS WKH FHOO UDGLXV XQFKDQJHG DQG




LV FDOOHG VHFWRULQJ$ FHOO LV QRUPDOO\SDUWLWLRQHG LQWR WKUHH  VHFWRUV RU VL[ 
VHFWRUV,Q>/HH@ LW LVGHPRQVWUDWHGWKDW WKH&, LPSURYHPHQWRIVHFWRULQJIRU
WKUHHVHFWRUVSHUFHOOLVG%
$VGHVFULEHGEHIRUHDFOXVWHUVL]HRIVKRXOGEHXVHGIRUWKHUHTXLUHG&,UDWLR





FKDQQHOV SHU VHFWRU )RU WKH VDPH EORFNLQJ SUREDELOLW\ LW FDQ EH IRXQG WKDW HDFK
VHFWRU FDQ KDQGOH  (UODQJ WUDIILF JLYLQJ D FHOO FDSDFLW\ RI  (UODQJ 7KH
FDSDFLW\LQFUHDVHVE\DIDFWRURI@
 2EMHFWLYHVRIFHOOSODQQLQJ
2QH LPSRUWDQW JRDO ZKHQ SODQQLQJ D FHOOXODU V\VWHP LV WR DFKLHYH D KLJK VSHFWUDO
HIILFLHQF\ ,Q RWKHU ZRUGV ZH ZDQW WKDW D ODUJH QXPEHU RI VXEVFULEHUV SHU VTXDUH
NLORPHWHUZRXOGEHDEOHWRXVHWKHV\VWHPZKLOHPDLQWDLQLQJDQDFFHSWDEOHJUDGHRI
VHUYLFH*26DQGPLQLPL]LQJWKHV\VWHPFRVW7KLVLQFOXGHVWKHIROORZLQJDVSHFWV
&RYHUDJH 7KH UDGLR VLJQDO FRYHUDJH PXVW EH JXDUDQWHHG 7KH UHFHLYHG VLJQDO










WUDQVPLVVLRQ TXDOLW\ 7KH FRPSDWLELOLW\ PDWUL[ XVHG IRU FKDQQHO DVVLJQPHQW
VSHFLILHV WKH UHVWULFWLRQV IRU FKDQQHO VHSDUDWLRQ WKDW JXDUDQWHHV WKH UHTXLUHG
VLJQDOTXDOLW\
&RVW 6LQFH WKH FRVW DQG FRPSOH[LW\ RI DPRELOH QHWZRUN LV FORVHO\ UHODWHG WR EDVH
VWDWLRQV%6V WKHQXPEHURI%6VPXVWEHPLQLPL]HGVRDV WR UHGXFH WKHFRVW
DQG WKH WLPH RI V\VWHP GHSOR\PHQW )XUWKHUPRUH LW LV HVVHQWLDO WR XVH WKH
VSHFWUXPHIILFLHQWO\
6\VWHPJURZWKFDSDELOLW\&HOOSODQQLQJLVDQHQGOHVVWDVNEHFDXVHWKHGHPDQGIRU
PRELOH VHUYLFHV NHHSV JURZLQJ 1HZ FHOOV DUH QHHGHG WR DFFRPPRGDWH WKDW
JURZWK 7KH QHZ GHSOR\HG FHOOV PXVW EH LQWHJUDWHG ZLWK WKH H[LVWLQJ
LQIUDVWUXFWXUH 7KLV XVXDOO\ PHDQV WKDW WKH FHOO GHVLJQ VKRXOG ILW VRPH
FRRUGLQDWLRQ UHTXLUHPHQWV ,W LV DOVR UHTXLUHG IRU WKH HYROXWLRQ WR QHZ
JHQHUDWLRQV\VWHPV

























1H[W WKH ILHOG VWUHQJWK LV FDOFXODWHG IRU HDFK FHOO 6LQFH UDGLR SURSDJDWLRQ LV
DIIHFWHG E\ WKH WHUUDLQ SURILOH DV ZHOO DV WKH ODQG XVDJH W\SH HJ WKH EXLOGLQJ
VWUXFWXUH DQGYHJHWDWLRQ W\SH WKH WRSRJUDSKLFDO GDWD DQGPRUSKRORJLFDO GDWD RI WKH
VHUYLFH DUHD VKRXOG EH XVHG IRU ILHOG VWUHQJWK SUHGLFWLRQ 7KH IROORZLQJ VWHSV
LQFOXGLQJ WKH FRYHUDJH SUHGLFWLRQ FDSDFLW\ SUHGLFWLRQ LQWHUIHUHQFH DQDO\VLV DQG
FKDQQHODVVLJQPHQWDUHDOOEDVHGRQWKHILHOGVWUHQJWKSUHGLFWLRQ7KHVHVWHSVZLOOEH
GLVFXVVHGLQGHWDLOIURP6HFWLRQWR6HFWLRQ




6\VWHP RSWLPL]DWLRQ PHDQV DQDO\]LQJ WKH H[WHQVLYH PHDVXUHG GDWD IURP DQ
RSHUDWLQJQHWZRUNLQRUGHUWRWXQHWKHV\VWHPSDUDPHWHUVVRWKDWWKHVHUYLFHTXDOLW\RI
WKHZKROHV\VWHPFDQEHLPSURYHG)RULQVWDQFHDGG)&+VWRFHOOVLIWKH\DUHRIWHQ
FRQJHVWHG DQG UHGXFH WKH QXPEHU RI FKDQQHOV LQ FHOOV ZLWK ORZHU WUDIILF WKDQ
H[SHFWHG
 5$',2:$9(3523$*$7,21$63(&762)&(//3/$11,1*
$ SURIRXQG NQRZOHGJH RI WKH UDGLR ZDYH SURSDJDWLRQ RU WKH UDGLR FKDQQHO
FKDUDFWHULVWLFV LV D SUHUHTXLVLWH WR DFKLHYLQJ DQ RSWLPXP V\VWHP GHVLJQ ,Q WKLV
VHFWLRQDQRYHUYLHZLVSUHVHQWHGRQVHYHUDOSURSDJDWLRQPRGHOVWKDWDUHZLGHO\XVHG
LQSUDFWLFH0RUHGHWDLOHGGLVFXVVLRQVRIZDYHSURSDJDWLRQPRGHOV FDQ EH IRXQG LQ
>6WHHOH5DSSDSRUW*HQJ6DXQGHUV&iWHGUD@
0RGHOLQJ WKH UDGLR FKDQQHO LV RQH RI WKHPRVW GLIILFXOW SDUWV RIPRELOH V\VWHP
GHVLJQ+HQFHZRUOGZLGHUHVHDUFKDFWLYLWLHVKDYHEHHQGRQHWRGHYHORSSURSDJDWLRQ
PRGHOVZKLFKDLPDWSURYLGLQJDQDFFXUDWHHVWLPDWLRQRIWKHPHDQUHFHLYHGSRZHURU
SDWK ORVV 3/ IRU D VSHFLILHG IUHTXHQF\ EDQG EDVHG RQ PRUH RU OHVV GHWDLOHG
JHRJUDSKLFDO LQIRUPDWLRQ DERXW WKH HQYLURQPHQW $FFRUGLQJ WR WKHLU QDWXUH WKH
SURSDJDWLRQ PRGHOV FDQ EH FODVVLILHG DV HPSLULFDO VHPLHPSLULFDO RU VHPL
GHWHUPLQLVWLFDQGGHWHUPLQLVWLFPRGHOV>)OHXU\&267@






'HWHUPLQLVWLF PRGHOV DUH FDOFXODWLRQ PHWKRGV ZKLFK SK\VLFDOO\ VLPXODWH WKH
SURSDJDWLRQ RI UDGLR ZDYHV 7KHUHIRUH WKH HIIHFW RI WKH HQYLURQPHQW RQ WKH
SURSDJDWLRQ SDUDPHWHUV FDQ EH WDNHQ LQWR DFFRXQW PRUH DFFXUDWHO\ WKDQ LQ
HPSLULFDO PRGHOV $QRWKHU DGYDQWDJH LV WKDW GHWHUPLQLVWLF PRGHOV SURYLGH D
SUHGLFWLRQ IRU WKHZLGHEDQG FKDUDFWHULVWLFV RI UDGLR FKDQQHOVZKLFK FRXOG EH
XVHG DV V\VWHP SHUIRUPDQFH FULWHULD LQVWHDG RI RU LQ DGGLWLRQ WR WKH VLJQDO
VWUHQJWK0RVW RI WKH GHWHUPLQLVWLFPRGHOV DUH EDVHG RQ UD\RSWLFDOPRGHOLQJ
DSSURDFKHV >/HEKHU] .UQHU &LFKRQ 'LGDVFDORX@
7KH VHULRXV GUDZEDFN RI GHWHUPLQLVWLF PHWKRGV LV WKH FRPSXWDWLRQDO
FRPSOH[LW\
6HPLGHWHUPLQLVWLF PRGHOV UHVXOW IURP DQ HPSLULFDO PRGLILFDWLRQ RI GHWHUPLQLVWLF
PRGHOV LQRUGHU WRLPSURYH WKHDJUHHPHQWZLWKPHDVXUHPHQWV7KHVHPHWKRGV








HPSLULFDO DQG VHPLGHWHUPLQLVWLF PRGHOV DUH VXLWDEOH IRU PDFURFHOOV 7KH VHPL
GHWHUPLQLVWLF PRGHOV DUH DOVR VXLWDEOH IRU KRPRJHQHRXV PLFURFHOOV ZKHUH WKH
SDUDPHWHUV FRQVLGHUHG E\ WKH PHWKRG FKDUDFWHUL]H WKH ZKROH VFHQDULR ZHOO 7KH
GHWHUPLQLVWLFPRGHOVDUHVXLWDEOHIRUPLFURFHOOVDQGSLFRFHOOV LQGHSHQGHQWO\RI WKHLU




ORFDWLRQ 8VXDOO\ UDGLR WUDQVPLVVLRQ WDNHV SODFH RYHU LUUHJXODU WHUUDLQ 7KH WHUUDLQ
SURILOH RI D SDUWLFXODU DUHD DV ZHOO DV WKH SUHVHQFH RI WUHHV EXLOGLQJV DQG RWKHU
REVWDFOHVPXVWEHWDNHQLQWRDFFRXQWIRUHVWLPDWLQJWKHSDWKORVV7KHGDWDQHHGHGWR
GHVFULEH VXFK HQYLURQPHQWV ZRXOG EH YHU\ ODUJH DQG WKH FRPSXWDWLRQDO HIIRUW
LQYROYHG ZRXOG EH H[FHVVLYH $V D UHVXOW HPSLULFDO PRGHOV DUH ZLGHO\ XVHG IRU
SURSDJDWLRQ SUHGLFWLRQ LQ PDFURFHOOV EHFDXVH WKHVH PRGHOV KDYH WKH DGYDQWDJH RI







0+]E\&267 VWXG\ JURXSRI WKH(XURSHDQ&RRSHUDWLRQ LQ WKH)LHOG RI
6FLHQWLILFDQG7HFKQLFDO5HVHDUFK>&267@7KHJHQHUDOSDWKORVVIRUPXOD
RIWKHPRGHOLV
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/PKLVWKHPRELOHDQWHQQDKHLJKWFRUUHFWLRQJLYHQE\
ORJ  -¼= PRELOHPK K/ 
ZKHUHKPRELOHLVWKHPRELOHDQWHQQDKHLJKWLQPHWHUVPKPRELOHP
(TXDWLRQLVIRUPXODWHGIRUIODWWHUUDLQLQXUEDQHQYLURQPHQWV&RUUHFWLRQV
KDYHWREHDSSOLHGIRUKLOO\ WHUUDLQDQGRWKHU ODQGXVDJH W\SHV LHPRUSKRFODVVHV
VXFKDVVXEXUEDQIRUHVWDQGRSHQDUHD7KXVWKHSDWKORVVLVFDOFXODWHGDV
PRUSKRGLII+DWDPDFUR //// -+=  
/GLII LV WKH GLIIUDFWLRQ DWWHQXDWLRQ LQ G% ZKLFK LV FDXVHG E\ REVWDFOHV LQ WKH
SURSDJDWLRQSDWK9DULRXVDOJRULWKPVDUH LPSOHPHQWHG WR FDOFXODWH LW$PRQJ WKHP
(SVWHLQ3HWHUVRQ PRGHO >(SVWHLQ@ DQG 'H\JRXW PRGHO >'H\JRXW@ DUH
FRPPRQO\XVHG/PRUSKRLVWKHPRUSKRFRUUHFWLRQLQG%,QSUDFWLFHDPDSFRQWDLQLQJ
GHWDLOHG PRUSKRORJLFDO LQIRUPDWLRQ VKRXOG EH XVHG 7KH FRUUHFWLRQ IDFWRU


























KKG ¼¼=   
ZKHUH K%6 DQG KPRELOH DUH %6 DQG PRELOH DQWHQQD KHLJKWV UHVSHFWLYHO\ l LV WKH
ZDYHOHQJWK7\SLFDOYDOXHVRIWKHH[SRQHQWVDUHIRXQGE\PHDVXUHPHQWVWREHDURXQG
g DQGg ZLWKEUHDNSRLQWGLVWDQFHVRIaP,QRUGHUWRSODQWKHVLWHVRI
PLFURFHOOV HIIHFWLYHO\ LW LV LPSRUWDQW WR HQVXUH WKDW FRFKDQQHO FHOOV KDYH FRYHUDJH
DUHDVZKLFKGRQRWRYHUODSZLWKLQWKHEUHDNSRLQWGLVWDQFH
$ 7ZRGLPHQVLRQDOPRGHOV
)RU PLFURFHOOV WKH %6 DQWHQQDV FDQ EH DERYH EHORZ RU DW WKH VDPH OHYHO DV WKH
VXUURXQGLQJ EXLOGLQJV 8VXDOO\ WZR VLWXDWLRQV DUH GLVWLQJXLVKHG DFFRUGLQJ WR WKH
UHODWLYH ORFDWLRQV RI WKH WUDQVPLWWHU DQG UHFHLYHU OLQHRIVLJKW /26 LQ FDVH RI QR
REVWDFOHVLQWKHSURSDJDWLRQSDWKRWKHUZLVHQRQOLQHRIVLJKW1/26
















ORJORJ GI/VF ++= 
ZKHUH I LV WKH IUHTXHQF\ LQ 0+] G LV WKH GLVWDQFH EHWZHHQ WKH WUDQVPLWWHU DQG
UHFHLYHULQNLORPHWHUV/LVWKHIUHHVSDFHORVVGHILQHGDV
ORJORJ GI/ ++=  
/UVG LV WKH ORVV GXH WR WKH GLIIUDFWLRQ DQG VFDWWHULQJ IURP WKH URRIWRSV RI DGMDFHQW
EXLOGLQJV WR WKH VWUHHW DQG /PVG DFFRXQWV IRU WKH PXOWLSOH VFUHHQ GLIIUDFWLRQ DORQJ
URRIWRSV/UVGLVJLYHQE\



















ORJ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ORJ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IDN I  
DLVLIWKHPRELOHLVLQPHWURSROLWDQFHQWHUVRWKHUZLVHDLV
7KH&267:DOILVFK,NHJDPLPRGHO LV YDOLG IRU WKH IROORZLQJ UDQJHV 
0+]I0+]PK%6PPKPRELOHPNPGNP
7KLVPRGHOH[FOXVLYHO\FRQVLGHUVWKHSURSDJDWLRQLQWKHYHUWLFDOSODQH
7ZRGLPHQVLRQDO ' PRGHOV FRQVLGHULQJ WKH SURSDJDWLRQ LQ WKH KRUL]RQWDO
SODQHKDYHEHHQSURSRVHGIRUWKHFDVHZKHUHWKHDQWHQQDKHLJKWLVEHORZWKHURRIWRSV












$GGLWLRQDO ' SURSDJDWLRQ SDWKV YLD VFDWWHULQJ DW JURXQG DQG EXLOGLQJ ZDOOV DUH
VHSDUDWHO\ UHJDUGHG $ PRGLILHG .LUFKKRII 0HWKRG ZLWK D VFDODU DSSUR[LPDWLRQ LV
DSSOLHGIRUVXUIDFHVFDWWHULQJFDOFXODWLRQV
 ,QGRRUSURSDJDWLRQPRGHOV
,W KDV EHHQ REVHUYHG WKDW SURSDJDWLRQ ZLWKLQ EXLOGLQJV LV VWURQJO\ LQIOXHQFHG E\
























SURSDJDWLRQ SUHGLFWLRQ 7KHVH GHWHUPLQLVWLF PHWKRGV FDQ EH XVHG IRU VLWHVSHFLILF
SUHGLFWLRQVSURYLGHGWKDWVXIILFLHQWGHWDLOVRIWKHEXLOGLQJJHRPHWU\DQGPDWHULDOVDUH
DYDLODEOH+RZHYHUWKHUHDUHOLPLWDWLRQVLQXVLQJVXFKPHWKRGVIRUSUDFWLFDOSLFRFHOO
SODQQLQJ GXH WR WKH GLIILFXOW\ RI REWDLQLQJ DQG XVLQJ VXIILFLHQWO\ DFFXUDWH SK\VLFDO
GDWD ,QDGGLWLRQ WKH LQIOXHQFHRI IXUQLWXUHDQG WKHPRYHPHQWRISHRSOHFDQKDYH D
VLJQLILFDQW DQG WLPHYDU\LQJHIIHFWRQVLJQDOFRYHUDJH7KHUHIRUH WKH FRPELQDWLRQ
RI GHWHUPLQLVWLF PRGHOLQJ ZLWK VWDWLVWLFDO PHDVXUHPHQWV LV H[SHFWHG WR EH PRUH
SUDFWLFDOIRUWKHSUHGLFWLRQRILQGRRUUDGLRSURSDJDWLRQ>=ZLFN@
 &29(5$*(35(',&7,21
$ SURSHU GHVFULSWLRQ RI FHOO VKDSHV LV LPSRUWDQW IRU PDQ\ GHVLJQ SURFHVVHV HJ
FRYHUDJH DQG FDSDFLW\ SUHGLFWLRQ LQWHUIHUHQFH DQDO\VLV DQG FKDQQHO DVVLJQPHQW











SUWWU /**33 -++= 
ZKHUH3WLVWKHWUDQVPLWWHGSRZHU*WDQG*UDUHWKHWUDQVPLWWHUDQGUHFHLYHUDQWHQQD
&29(5$*(35(',&7,21 
JDLQV UHVSHFWLYHO\ /S LV WKH SDWK ORVV WKDW FDQ EH SUHGLFWHG XVLQJ D VXLWDEOH
SURSDJDWLRQPRGHO$ ORFDWLRQ LV FRQVLGHUHG WREH FRYHUHGE\ D FHOO LI WKH UHFHLYHG
SRZHU OHYHO LVKLJKHU WKDQDJLYHQ WKUHVKROG'XH WR WKH UDQGRPVKDGRZLQJHIIHFWV
KRZHYHU WKH DFWXDO UHFHLYHG SRZHU 3U LV D *DXVVLDQ GLVWULEXWHG UDQGRP YDULDEOH
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2EYLRXVO\












2NXPXUD+DWDPRGHO7KHGDUNDUHD LQ)LJXUHE LQZKLFK WKH ILHOG VWUHQJWK LV























WKDW SURYLGHV WKH VWURQJHVW VLJQDO 7KH GUDZEDFN RI WKLV PRGHO LV WKDW D GHGLFDWHG
DVVLJQPHQW RI HDFK ORFDWLRQ WR D VLQJOH FHOO LV DVVXPHG LH RYHUODSSLQJ RI FHOOV LV





{ }PD[ \[)\[) LLPD[ =  
+DQGRIIVWUDWHJLHVLQIOXHQFHWKHDVVLJQPHQWRIDPRELOHWRFHOOV>.UQHU@&HOOV
IURP ZKLFK WKH VLJQDO VWUHQJWK SOXV WKH KDQGRII PDUJLQ DKR LV VWLOO OHVV WKDQ WKH
VWURQJHVWVLJQDOVWUHQJWKLH
KRPD[L \[)\[) D-<   
ZLOOEHGLVFDUGHG7KHDVVLJQPHQWSUREDELOLW\RIWKHGLVFDUGHGFHOOVLV7KLVPHDQV













)LJXUH VKRZV D FHOOXODU V\VWHP FRQWDLQLQJ WKUHH FHOOV7KH ILHOG VWUHQJWK RI
WKHVH FHOOV DUH VKRZQ LQ )LJXUH D E DQG F UHVSHFWLYHO\ 7KH EHVW VHUYHU
FRYHUDJHLVVKRZQLQ)LJXUHGZKHUHDSL[HOLVH[FOXVLYHO\DVVLJQHGWRRQO\RQH
FHOO &RQVHTXHQWO\ WKH FRYHUDJH DUHD EUHDNV LQWR IUDJPHQWV $V VHHQ LQ WKH ILJXUH
WKHUH DUH QXPHURXV VPDOO KROHV LQ WKH FRYHUDJH DUHD 7KLV PHDQV WKDW IUHTXHQW
KDQGRIIVDUHLQHYLWDEOHZKHQWKHPRELOHXVHUPRYHV)RUWXQDWHO\WKLVLVQRWWKHFDVH
LQ UHDOLW\EHFDXVH WKHKDQGRIIPDUJLQ LVFRQVLGHUHG7KHUHIRUH DPRELOHXQLW LQ WKH
FRYHUDJHDUHDFRXOGEHVHUYHGE\RQHRIVHYHUDOFHOOVLIWKH\RYHUODSHDFKRWKHU7KH
DVVLJQPHQWSUREDELOLW\LVFDOFXODWHGSL[HOZLVHE\DSSO\LQJDQGZLWKDKR















)LJXUH $Q H[DPSOH RI WKH DVVLJQPHQW SUREDELOLW\ FDOFXODWLRQ D E DQG F
VKRZ WKH ILHOG VWUHQJWK RI FHOOV F F DQG F UHVSHFWLYHO\ 7KH UHVXOW RI WKH FRYHUDJH
SUHGLFWLRQEDVHGRQWKHEHVWVHUYHUPRGHOLVVKRZQLQG7KHDVVLJQPHQWSUREDELOLW\LV
FDOFXODWHGZLWKDKR G%5HVXOWVDUHVKRZQLQHJ



















7KHUH DUHPQ SL[HOV DQG WKH SL[HO VL]H LV D[D\ (DFK SL[HO LV ZHLJKWHG E\ WKH





GHVLJQ 7KH SULPDU\ WDVN RI FHOO SODQQLQJ LV WR ORFDWH DQG FRQILJXUH WUDQVPLVVLRQ
IDFLOLWLHV LH%6V LQ WKH VHUYLFH DUHD7KHVH IDFLOLWLHV VKRXOGEH ORFDWHG FORVH WR WKH
H[SHFWHGWUDIILFLQRUGHUWRLQFUHDVHV\VWHPHIILFLHQF\$WUDIILFPRGHOWKDWGHVFULEHV
WKH WUDIILF GLVWULEXWLRQ DV REVHUYHG IURP WKH QRQPRYLQJ QHWZRUN HOHPHQWV HJ%6V
DQG VZLWFKHV LV UHTXLUHG WR HVWLPDWH WKH VSDWLDO H[WHQGHG WUDIILF GHPDQG ,Q
>7XWVFKNX@DVLPSOHOLQHDUPRGHOLVSUHVHQWHGIRUWKLVSXUSRVH
7KH WUDIILF GHQVLW\ tW[ \ LQ (UODQJNP UHSUHVHQWV WKH DPRXQW RI WUDIILF
FDXVHGLQDXQLWDUHDDWWLPHW,WLVXVXDOO\GHILQHGRQD'JULGZLWKDSL[HOVL]HRI
D[D\7KHYDOXHVRID[DQGD\DUHWKHVDPHDVWKRVHXVHGIRUFRYHUDJHSUHGLFWLRQ
7\[\[ WW ¼=   lt 
ZKHUHlW[\LVWKHQXPEHURIFDOODWWHPSWVLQDXQLWDUHDHOHPHQWDWORFDWLRQ[\







7KH VSDWLDO WUDIILF GLVWULEXWLRQ KHDYLO\ GHSHQGV RQ WKH PRUSKRORJLFDO DQG
GHPRJUDSKLFIDFWRUV OLNHSRSXODWLRQYHKLFXODU WUDIILF LQFRPHSHUFDSLWDDQGVRRQ
3URYLGLQJPRUSKRORJLFDOLQIRUPDWLRQRIWKHVHUYLFHDUHDLVDYDLODEOHWKHZKROHDUHDLV
GLYLGHGLQWRFOXVWHUVVXFKWKDWHDFKFOXVWHULVFRPSRVHGRIWKHDGMDFHQWSL[HOVZLWKWKH
VDPHPRUSKR FODVV HJ XUEDQ VXEXUEDQ UXUDO 7R HVWLPDWH WKH WUDIILF GHPDQG D
OLQHDUSUHGLFWLRQPRGHOLVDSSOLHGIRUHYHU\FOXVWHUM
NLNLM
( tmÊ += IDFWRUVDOO  
ZKHUH(M UHSUHVHQWV WKH (UODQJ YDOXH RI FOXVWHU M N LV WKH FOXVWHU W\SH LH PRUSKR
75$)),&&$3$&,7< 
FODVV$VVXPHWKDWWKHDUHDRIFOXVWHUMLV6MWKHQ
MNN 6F ¼=t 
LVWKHSULPDU\WUDIILFORDGEDVHGRQWKHFOXVWHUW\SHDQGVL]HDQG
LNLNL [E ¼= m 
LVWKHH[SHFWHGWUDIILFUHVXOWLQJIURPIDFWRULXQGHUWKHFLUFXPVWDQFHVRIPRUSKRFODVV
N[LLVWKHTXDQWLW\RIWKHIDFWRULHJWKHSRSXODWLRQRIDFLW\RUYHKLFXODUWUDIILFRID






(\[ =t  
%\DSSO\LQJWKHOLQHDUPRGHO LHHTXDWLRQVIURP WR  LQ WKHVHUYLFH
DUHD ZH FDQ REWDLQ D ' WUDIILF GHQVLW\ PDWUL[ WKDW GHVFULEHV WKH VSDWLDO WUDIILF
GLVWULEXWLRQ7KHSURSRVHGPRGHODSSHDUVWREHVLPSOH+RZHYHUGXHWRLWVVWUXFWXUH





















ZKHUH t[ \ LV WKH WUDIILF GHQVLW\ DW ORFDWLRQ [ \ ZHLJKWHG E\ WKH FRYHUDJH
SUREDELOLW\3FRY[\FLDQGDVVLJQPHQWSUREDELOLW\3DVV[\FLZKLFKDUHGHILQHGLQ
 DQG  UHVSHFWLYHO\ ,Q FDVH RI D XQLIRUP WUDIILF GLVWULEXWLRQ WKH WUDIILF






















,Q FHOOXODU V\VWHP GHVLJQ LW LV PRUH XVHIXO WR GHWHUPLQH WKH QXPEHU RI 7&+V


















GLYLGHG LQWR D QXPEHU RI FKDQQHOV E\ IUHTXHQF\ GLYLVLRQPXOWLSOH DFFHVV )'0$
DQGD)&+PD\EHVKDUHGE\PXOWLSOHXVHUVZLWKDFHUWDLQDFFHVVVFKHPHVXFKDVWLPH
GLYLVLRQ PXOWLSOH DFFHVV 7'0$ RU FRGH GLYLVLRQ PXOWLSOH DFFHVV &'0$ 7KH
*60V\VWHPIRUH[DPSOHXVHV7'0$(DFK)&+ LVGLYLGHG LQWRHLJKW WLPHVORWV WR
HQDEOHHLJKWVLPXOWDQHRXVFRPPXQLFDWLRQVEHWZHHQXVHUVLHHDFK)&+FDQSURYLGHD
PD[LPXPRI HLJKW7&+V%HVLGHV FRQWURO FKDQQHOV &&+V DUH QHHGHG WR WUDQVPLW
































FKDQQHOV DQ LQWHUIHUHQFH DQDO\VLV PXVW EH GRQH EHFDXVH WKH LQWHUIHUHQFH UHVXOWLQJ
IURP IUHTXHQF\ UHXVH LV WKH PDMRU FRQFHUQ LQ FHOO SODQQLQJ $ ODUJH QXPEHU RI
UHIHUHQFHVFDQEHIRXQGLQWKHOLWHUDWXUHIRUGHWDLOHGGLVFXVVLRQVDERXWWKHLQWHUIHUHQFH
LQFHOOXODUV\VWHPV>/HH3UDVDG3HUH]@7KLVVHFWLRQLVFRQFHUQHG






















  ,&MLMLFR \[,&HUIFF\[3 
ZKHUHq&, LV WKHWKUHVKROGIRU&,UDWLRLQG%DQGs LV WKHVWDQGDUGGHYLDWLRQRI WKH
UHFHLYHGVLJQDOSRZHUHUI]LVWKHHUURUIXQFWLRQGHILQHGDV
× -= ] G[[]HUI   H[S
 p  












r N  
NLVMXVWWKHFKDQQHOVHSDUDWLRQ7DEOHJLYHVVRPHYDOXHVRIWKHFKDQQHOVHSDUDWLRQ



















DGMDFHQW FKDQQHO LQWHUIHUHQFH $&, FDQ EH QHJOHFWHG IRU N !  7KHUHIRUH WKH




































  MLMLMLMLFR FF3FF3FF3FF3 >>>  
 &RPSDWLELOLW\PDWUL[





























7\SLFDOO\0,1FF LV JUHDWHU WKDQ RU HTXDO WR ILYH0,1FV LV JUHDWHU WKDQ RU HTXDO WR
WKUHH



























LVWKHLQWHUIHUHUDQGIRUVMLLWLVMXVWWKHUHYHUVHFDVH+HQFHLWXVXDOO\KROGVWKDWVLMVML7KHPD[LPXPRIVLMDQGVMLZLOOEH WDNHQDV WKH ILQDOFKDQQHO VHSDUDWLRQ
)LQDOO\WKHLQLWLDOYDOXHVLMQHHGVWREHWDNHQLQWRDFFRXQW7KXV
PD[  MLLMLMLM VVVV = IRULM³>1@ 
$W\SLFDOFRPSDWLELOLW\PDWUL[PD\ORRNDVIROORZV
LM     
    
    
    
    

 &+$11(/$66,*10(17
7KH FKDQQHO DVVLJQPHQW SUREOHP &$3 DOVR NQRZQ DV WKH IUHTXHQF\ DVVLJQPHQW
SUREOHP)$3KDVWZREDVLFDVSHFWV2QWKHRQHKDQGWKHGHPDQGYHFWRU:v PXVW
EHVDWLVILHG7KLVPHDQV WKDWDVXIILFLHQWQXPEHURI)&+VPXVWEHDVVLJQHG WRHDFK
FHOO LQ RUGHU WR VDWLVI\ WKH WUDIILF GHPDQG2Q WKH RWKHU KDQG WKH IUHTXHQFLHV XVHG
VLPXOWDQHRXVO\LQGLIIHUHQWFHOOVPD\LQFXULQWHUIHUHQFHUHVXOWLQJLQORVVRITXDOLW\RI
WKHVLJQDO7KLVUHTXLUHVWKDWWKHDVVLJQPHQWRIWKHFKDQQHOVWRWKHFHOOVPXVWFRPSO\
ZLWK WKH FRPSDWLELOLW\ FRQVWUDLQWV DV VSHFLILHG E\ WKH FRPSDWLELOLW\PDWUL[ 6 %RWK
DVSHFWVVKRXOGEHWDNHQLQWRDFFRXQWIRUDOORFDWLQJFKDQQHOV1XPHURXVDOJRULWKPVIRU















7KH DYDLODEOH FKDQQHOV DUH GHQRWHG E\ WKH GRPDLQ =   ^  0` ,Q PRELOH
FRPPXQLFDWLRQV\VWHPVWKHWUDIILFLVXVXDOO\ELGLUHFWLRQDO7KHUHIRUHRQHQHHGVWZR
FKDQQHOV IRU WKH GDWD WUDQVPLVVLRQ EHWZHHQ WKH %6 DQG WKH PRELOH 2QH LV IRU WKH
XSOLQN GLUHFWLRQ IURP WKHPRELOH WR WKH%6 DQRWKHU LV IRU WKH GRZQOLQN GLUHFWLRQ




FKDQQHOV ZLWK XSOLQN FKDQQHOV (DFK DVVLJQPHQW IRU WKH GRZQOLQN FKDQQHOV FDQ










WR RYHUFRPH WKH GHILFLHQFLHV RI )&$ VFKHPHV WKH G\QDPLF FKDQQHO DVVLJQPHQW
'&$ VWUDWHJ\ LV LQWURGXFHG ,Q'&$ FKDQQHOV DUH QRW DOORFDWHG WR GLIIHUHQW FHOOV
SHUPDQHQWO\ ,QVWHDG HDFK WLPH D FDOO UHTXHVW LV PDGH WKH VHUYLQJ %6 UHTXHVWV D
FKDQQHOIURPWKHPRELOHVZLWFKLQJFHQWHU06&7KHVZLWFKWKHQDOORFDWHVDFKDQQHO
WRWKHUHTXHVWHGFHOOIROORZLQJDQDOJRULWKPWKDWWDNHVLQWRDFFRXQWWKHOLNHOLKRRGRI
IXWXUH EORFNLQJ ZLWKLQ WKH FHOO WKH XVDJH IUHTXHQF\ RI WKH FDQGLGDWH FKDQQHO
FRPSDWLELOLW\FRQVWUDLQWVDQGRWKHUFRVWIXQFWLRQV$WWKHFRVWRIKLJKHUFRPSOH[LW\
WKH '&$ VWUDWHJ\ SURYLGHV IOH[LELOLW\ DQG DGDSWDELOLW\ WR WKH WLPHYDU\LQJ WUDIILF
GLVWULEXWLRQ ,W DOVR LQFUHDVHV WKH WUXQNLQJ FDSDFLW\ RI WKH V\VWHP VLQFH DOO WKH
&+$11(/$66,*10(17 
DYDLODEOHFKDQQHOVDUHDFFHVVLEOHWRDOORIWKHFHOOV
,Q JHQHUDO WKHUH LV D WUDGHRII EHWZHHQ WKH VSHFWUXP XWLOL]DWLRQ HIILFLHQF\ DQG




DVVLJQPHQW +&$ DOJRULWKPV DUH GHVLJQHG E\ FRPELQLQJ WKH )&$ DQG '&$
VFKHPHV ,Q RQH +&$ VWUDWHJ\ FDOOHG WKH ERUURZLQJ VWUDWHJ\ D FHOO LV DOORZHG WR
ERUURZ FKDQQHOV IURP D QHLJKERULQJ FHOO LI DOO RI LWV RZQ FKDQQHOV DUH DOUHDG\








$ ORW RI UHVHDUFK FDQ EH IRXQG LQ WKH OLWHUDWXUH IRU VROYLQJ WKH &$30RVW RI WKH
LQYHVWLJDWLRQV DUH EDVHG RQ JUDSK WKHRUHWLF RU KHXULVWLF DSSURDFKHV >%R[
*DPVW 6LYDUDMDQ 6PLWK@%HVLGHV DOJRULWKPV HPSOR\LQJ QHXUDO
QHWZRUNV >.XQ] )XQDELNL &KDQ .LP 6PLWK@
VLPXODWHG DQQHDOLQJ >0DWKDU 'XTXH$QWRQ@ DQG JHQHWLF DOJRULWKPV
>/DL1JR%HFNPDQQ@KDYHDOVREHHQSURSRVHG
3URYLGLQJDV\VWHPRI1FHOOVLVUHSUHVHQWHGE\DVHW& ^FFF1`(DFKFHOO
FLUHTXLUHVZLFKDQQHOVZL7KLVIRUPVWKHGHPDQGYHFWRU:v  ZZ Z1
VHH 6XEVHFWLRQ  7KH DVVLJQPHQW RI WKH FKDQQHOV WR WKH FHOOV VXEMHFWV WR WKH
FRQVWUDLQWVVSHFLILHGE\WKHFRPSDWLELOLW\PDWUL[6LQZKLFKWKHHOHPHQWVLMLQGLFDWHV
WKHPLQLPXPVHSDUDWLRQEHWZHHQ FKDQQHOV DVVLJQHG WR FHOOFL DQG WKRVH DVVLJQHG WR
FHOOFM
'HILQLWLRQ  &KDQQHO DVVLJQPHQW SUREOHP /HW D WULSOH 3   & :v  6
UHSUHVHQW D &$3 OHW ^ 0` EH D VHW RI FKDQQHOV DQG +L WKH VHW RI FKDQQHOV
DVVLJQHGWRFHOOFL$VROXWLRQRI3LVWRILQGWKHPLQLPXPYDOXHRI0VXFKWKDWWKHUH














JUDSK LV FDOOHG DQ LQWHUIHUHQFH JUDSK 7KH &$3 LV HTXLYDOHQW WR DVVLJQLQJ SRVLWLYH
LQWHJHUV^0`WRWKHYHUWLFHVVXFKWKDWHDFKYHUWH[YLKDVZLLQWHJHUVDVVLJQHG
7KHGLIIHUHQFHEHWZHHQWKHLQWHJHUVDVVLJQHGWRWZRDGMDFHQWYHUWLFHVPXVWQRWEHOHVV
WKDQ WKHHGJH ODEHO7KHREMHFWLYH LV WRPLQLPL]H WKHPD[LPXP LQWHJHUXVHG ,Q WKH
VSHFLDOFDVHZKHUHRQO\&&,LVFRQVLGHUHGVLM LVHLWKHU]HURRURQH7KLVSUREOHPLV
WKHQ UHGXFHG WR WKH FODVVLFDO JUDSK FRORULQJ SUREOHP 6LQFH WKH JUDSK FRORULQJ
SUREOHP LVNQRZQ WREHQRQGHWHUPLQLVWLFSRO\QRPLDO 13 FRPSOHWH >*DUH\@




WHUPV)LUVW RI DOOZHGHILQH WKHQHLJKERUKRRGRIY1Y DV WKH VHW RIY¶V DGMDFHQW
YHUWLFHV $ VHW RI YHUWLFHV LQ D JUDSK ZKLFK DUH DOO FRPSOHWHO\ LQWHUFRQQHFWHG LV
FDOOHG D FOLTXH 7KHZHLJKW RI D FOLTXH LV GHILQHG DV WKH VXP RI ZHLJKWV RI DOO WKH
YHUWLFHVLQLW$YHUWH[W\SLFDOO\EHORQJVWRPRUHWKDQRQHFOLTXH:HGHQRWH&PD[Y
DV WKH FOLTXH ZKLFK FRQWDLQV Y DQG KDV PD[LPXP ZHLJKW 7KH PD[LPXP FOLTXH
ZHLJKWRIYGHQRWHGDV:Y LVGHILQHGDV WKH FOLTXHZHLJKWRI&PD[Y:KHQ LW LV
QHFHVVDU\WRPDNHWKHFRUUHVSRQGLQJJUDSK*H[SOLFLWZHZULWHLWDV:Y_*
%DVLFDOO\ WKH KHXULVWLF DOJRULWKP XVHV VHTXHQWLDO VWUDWHJ\ GHVFULEHG LQ >*DPVW
@ZKHUHDFRORU]LLVSLFNHGXSDQGDVVLJQHGWRWKHYHUWLFHVRQHE\RQHXQWLOQR
IXUWKHUDVVLJQPHQWRIWKDWFRORULVSRVVLEOH7KHQWKHQH[WFRORU]LLVXVHGDQGWKH
SURFHGXUH LV VWDUWHG RYHU DJDLQ 7KH TXHVWLRQ LV KRZ WR GHWHUPLQH ZKLFK YHUWLFHV
VKRXOGEHFRORUHGE\]L+HUHWKHYHUWH[ZLWKWKHJUHDWHVWZHLJKWLVWDNHQDVWKHILUVW





LW LV EURNHQ E\ FKRRVLQJ WKH YHUWH[ ZLWK WKH ODUJHVW PD[LPXP FOLTXH ZHLJKW ZLWK
UHVSHFW WR WKH WRSRORJ\ JUDSK LQGXFHG E\ WKH LQWHUVHFWLRQ RI WKH GHQLDO DUHDV 7KH






















P  )9YL -³PD[ _1YL¬)_
 ,IP WKHQ
OHWYEHDYHUWH[LQ^YLYL³9±)DQGZL  )9Y M -³PD[ ZM`
HOVH





LL /HW Y EH D YHUWH[ LQ ^YL YL ³ 7 DQG :YL_*YL  














FORVH WR HDFK RWKHU DV SRVVLEOH ,W WXUQV RXW WKDW WKLV DOJRULWKP DOZD\V \LHOGV DQ
RSWLPDO VROXWLRQ IRU FHOOXODU V\VWHPV ZLWK D FHUWDLQ VSHFLDO VWUXFWXUH 7KH SURRI LV








FDQ EH FODVVLILHG LQ WKUHH FDWHJRULHV HPSLULFDO VHPLHPSLULFDO RU VHPL
GHWHUPLQLVWLFDQGGHWHUPLQLVWLFPRGHOV$QHPSLULFDOPRGHO&2672NXPXUD
+DWD PRGHO DQG D VHPLGHWHUPLQLVWLF &267 :DOILVFK,NHJDPL PRGHO ZHUH
UHYLHZHG ZKLFK DUH ZLGHO\ XVHG LQ SUDFWLFH WR SUHGLFW WKH SURSDJDWLRQ ORVV IRU
PDFURFHOOVDQGPLFURFHOOVUHVSHFWLYHO\
$W\SLFDOGHVLJQSURFHVVRIFHOOSODQQLQJZDVRXWOLQHG7KHEDVLFVWHSVLQFOXGLQJ
WKH FRYHUDJH SUHGLFWLRQ FDSDFLW\ SUHGLFWLRQ LQWHUIHUHQFH DQDO\VLV DQG FKDQQHO
DVVLJQPHQW ZHUH GLVFXVVHG LQ GHWDLO )LUVW WKH SUREDELOLVWLF PRGHO EDVHG RQ WKH
FRYHUDJHSUREDELOLW\DQGDVVLJQPHQWSUREDELOLW\JLYHVDPRUHUHDOLVWLFGHVFULSWLRQRI




RQ WKH LQWHUIHUHQFH SUREDELOLWLHV WKH FRPSDWLELOLW\ PDWUL[ LV JHQHUDWHG %RWK WKH
GHPDQG YHFWRU DQG FRPSDWLELOLW\ PDWUL[ DUH XVHG DV LQSXW GDWD LQ WKH FKDQQHO
DVVLJQPHQW SURFHGXUH &KDQQHO DVVLJQPHQW VWUDWHJLHV FDQ EH FODVVLILHG DV IL[HG
)&$G\QDPLF'&$RUK\EULG7KHFKDQQHODVVLJQPHQWSUREOHPLVHTXLYDOHQWWRD









DQG VLJQDO TXDOLW\ DUH DGGUHVVHG LQ WKH RSWLPL]DWLRQ REMHFWLYHV 7KH SHUIRUPDQFH
UHTXLUHPHQWVDUHFODVVLILHGDVORFDOFRQGLWLRQVDQGJOREDOFRQGLWLRQVEHFDXVHVRPHRI
WKHPDUHGHILQHGRQDVLQJOHFHOODQGWKHRWKHUVDUHGHILQHGRQWKHZKROHV\VWHPDVHW
RI FHOOV 7KH GHILQLWLRQV RI WKHVH FRQGLWLRQV ZLOO EH JLYHQ LQ 6HFWLRQ  DQG 
UHVSHFWLYHO\&HOOSODQQLQJ LVD W\SLFDOPXOWLREMHFWLYHRSWLPL]DWLRQSUREOHP023
DV VHYHUDO REMHFWLYHV QHHG WR EH FRQVLGHUHG VLPXOWDQHRXVO\ ,Q 6HFWLRQ  WKH
SULQFLSOHV RI PXOWLREMHFWLYH RSWLPL]DWLRQ ZLOO EH LQWURGXFHG DQG WKH PHWKRGV IRU
VROYLQJPXOWLREMHFWLYHSUREOHPVZLOOEHGLVFXVVHG
 352%/(0'(6&5,37,21
&HOO SODQQLQJ LV D YHU\ FRPSOH[ WDVN DVPDQ\ DVSHFWVPXVW EH WDNHQ LQWR DFFRXQW
LQFOXGLQJWKHWRSRJUDSK\PRUSKRORJ\WUDIILFGLVWULEXWLRQH[LVWLQJLQIUDVWUXFWXUHDQG




DQDO\VLV DQG FKDQQHO DVVLJQPHQW 7KH QHWZRUN LWVHOI KRZHYHU KDV WR EH GHVLJQHG
PDQXDOO\ E\ WKH SODQQHUV EDVHG RQ SHUVRQDO H[SHULHQFH DQG LQWXLWLRQ 7KH PDQXDO
GHVLJQ SURFHVV KDV WR JR WKURXJK D QXPEHU RI LWHUDWLRQV EHIRUH DFKLHYLQJ D
VDWLVIDFWRU\SHUIRUPDQFHDQGGRHVQRWQHFHVVDULO\JXDUDQWHHDQRSWLPXPVROXWLRQ
7KHSUREOHP LV KRZ WR SODFH%6V DW WKH RSWLPXP VLWHV DQG KRZ WR VSHFLI\ WKH
RSWLPXP YDOXHV IRU WKH SDUDPHWHUV RI HDFK %6 VXFK WKDW WKH RSWLPDO V\VWHP
SHUIRUPDQFH LV DFKLHYHG DQG WKH V\VWHP FRVW LV PLQLPL]HG ,Q RUGHU WR VROYH WKLV
SUREOHPZHILUVWJLYHDJHQHUDOGHVFULSWLRQRIWKHSUREOHPDVIROORZV




VHW1 LV WKH QXPEHU RI FHOOV 7KHVH FHOOV LQIOXHQFH HDFK RWKHU ZLWK UHVSHFW WR WKH
FRYHUDJH DQG LQWHUIHUHQFH& ZLOO EH FDOOHG DQ DGPLVVLEOH FHOO VHW LI WKH IROORZLQJ
FRQGLWLRQVKROG
 7KHWUDIILFORDGRIHDFKFHOOLVOHVVWKDQVRPHPD[LPXPYDOXH7PD[FRUUHVSRQGLQJ
WR WKH DYDLODEOH FKDQQHOV VR DV WR JXDUDQWHH WKH GHVLUHG *26 RI WKH FHOOXODU
V\VWHP















HJ *60 RU 8076 FRXOG KDYH WKHLU RZQ GHILQLWLRQV RI WKH ORFDO FRQGLWLRQV DQG
JOREDOFRQGLWLRQV2WKHUFRQGLWLRQVFDQDOVREHLQFOXGHGDVQHFHVVDU\,QWKLVZRUNWKH
GHILQLWLRQV DUHEDVHGRQ*60V\VWHPVSHFLILFDWLRQEXW WKHPHWKRGV SUHVHQWHG KHUH
DUHDOVRDSSOLFDEOHWRRWKHUV\VWHPV
&RQGLWLRQV  DUH UHTXLUHG WR JXDUDQWHH WKH V\VWHP SHUIRUPDQFH VXFK DV WKH





ILQGLQJ DQ RSWLPDO FHOO VHW IURP D ODUJH QXPEHU RI SRWHQWLDO FHOOV ,I WKHUH DUH 1
SRWHQWLDO FHOOV WKH QXPEHU RI SRVVLEOH FRPELQDWLRQV RI WKHVH FHOOV LV 1 WKXV WKH
FRPSXWDWLRQDO FRPSOH[LW\ RI VHDUFKLQJ IRU DQ RSWLPDO FHOO VHW JURZV H[SRQHQWLDOO\




RSWLPDO VROXWLRQ LQ UHDVRQDEOH WLPH 7KH NH\ REMHFWLYH LV WKHUHIRUH WR GHYHORS DQ
DOJRULWKP ZKLFK FDQ REWDLQ DSSUR[LPDWH RSWLPDO UHVXOWV ZLWK UHDVRQDEOH
FRPSXWDWLRQDOHIIRUWWDNLQJLQWRDFFRXQWDOOWKHDERYHPHQWLRQHGGHVLJQIDFWRUV
9DULRXV RSWLPL]DWLRQ PHWKRGV KDYH EHHQ FRQVLGHUHG IRU WKLV SXUSRVH ,Q
SULQFLSOHPRVWDYDLODEOHFKDQQHODVVLJQPHQWDOJRULWKPVFDQEHXVHGWRPLQLPL]HWKH
VSHFWUDO FRVW 7KH RSWLPL]DWLRQ RI WKH ILQDQFLDO FRVW KRZHYHU KDV VHOGRP EHHQ
VWXGLHG6RPHVWXGLHVHJ>&DOpJDUL@>&KDPDUHW@DQG>0ROLQD@
RQO\FRQVLGHUHGWKHPLQLPL]DWLRQRIWKHQXPEHURIFHOOV,Q>+DR@DQHFRQRPLF
RSWLPL]DWLRQPRGHOZDVSUHVHQWHG ,W FRQVLGHUHG WKHHFRQRPLF HIILFLHQF\RIFHOOXODU
V\VWHP GHVLJQ EXW GLG QRW DGGUHVV WKH HIILFLHQF\ RI VSHFWUXP 7KH RSWLPL]DWLRQ






DQG SDUDPHWHUV RI HDFK FHOO SL KL DL ,Q SUDFWLFH VRPH RI WKH YDULDEOHV FRXOG EH
JLYHQRUUHVWULFWHGLQDYHU\OLPLWHGUDQJH7KLVJLYHVULVHWRDYDULHW\RIFHOOSODQQLQJ
SUREOHPV DOWKRXJK WKHLU WDVNV DUH WKH VDPH )RXU NLQGV RI SUREOHPV FDQ EH
GLVWLQJXLVKHG DFFRUGLQJ WR WKH JLYHQ FRQGLWLRQV 7KH\ DUH FHOO VHOHFWLRQ FHOO




FHOOXODUQHWZRUNLV WKHVHOHFWLRQRIJRRG ORFDWLRQVIRU%6V ,QSULQFLSOH%6VFDQEH
ORFDWHGDWDQ\SODFH LQ WKH VHUYLFH DUHD)RU VRPHRSHUDWRUV KRZHYHU WKH DYDLODEOH
VLWHVIRU%6VDUHYHU\OLPLWHGGXHWRWKHHFRQRPLFRUWHFKQLFDOUHDVRQV7KHDYDLODEOH
VLWHVZKHUH%6VPD\EHLQVWDOOHGDUHWDNHQDVLQSXWYDULDEOHVDQGWKHJRDOLVWRILQGD




ZKROH V\VWHP SHUIRUPDQFH DQG FRVWV +HQFH WKH FHOO VHOHFWLRQ LV QRW D VLPSOH
RSWLPL]DWLRQ SUREOHP $VVXPH WKDW WKHUH DUH 1 SRWHQWLDO FHOOV DFFRUGLQJ WR WKH
DYDLODEOH%6VLWHVDQGIXUWKHUPRUHWKHFRQILJXUDWLRQVRIWKHVHFHOOVDUHDOVRJLYHQ$V
DQDO\]HG LQ WKH SUHFHGLQJ VHFWLRQ WKH FRPSOH[LW\ RI FHOO VHOHFWLRQ SUREOHP LV
 &+$37(5&(//3/$11,1*$6$1237,0,=$7,21352%/(0
H[SRQHQWLDO 13KDUG6HYHUDO DSSURDFKHVKDYHEHHQ LQYHVWLJDWHG IRU WKLV SUREOHP
2QH RI WKHP DV SUHVHQWHG LQ >&DOpJDUL@ PRGHOV WKH FHOO VHOHFWLRQ DV WKH
PLQLPXP GRPLQDWLQJ VHW SUREOHP IURP JUDSK WKHRU\ DQG D JHQHWLF DOJRULWKP LV
HPSOR\HG WR VROYH WKH FRPELQDWRULDO RSWLPL]DWLRQ SUREOHP $QRWKHU DSSURDFK XVHV
VRFDOOHG GHPDQG QRGHV WR UHSUHVHQW FRQWURO SRLQWV LQ WKH VHUYLFH DUHD >7XWVFKNX



















WKDW WKH FHOOV LQIOXHQFH HDFK RWKHU ZLWK UHVSHFW WR WKH ORFDO FRQGLWLRQV $Q\ VOLJKW
FKDQJHRQRQHFHOO FRXOG UHVXOW LQ VXEVWDQWLDOGLIIHUHQFHVRQ WKH FRQGLWLRQVRIRWKHU
FHOOV 7KH UHVXOW RI VXFK D FKDQJH LV XQSUHGLFWDEOH DQG FDQ QRW EH GHVFULEHG E\ D
VLPSOH IXQFWLRQ 7KHUHIRUH VWRFKDVWLF RSWLPL]DWLRQPHWKRGV HJ JHQHWLF DOJRULWKPV
*$V DQG VLPXODWHG DQQHDOLQJ 6$ DUH JRRG FDQGLGDWHV IRU VROYLQJ WKLV SUREOHP
$OWKRXJK QR UHSRUW FDQ EH IRXQG LQ WKH OLWHUDWXUH IRU WKH DSSOLFDWLRQ RI VWRFKDVWLF
RSWLPL]DWLRQ DOJRULWKPV WR WKH FHOO GLPHQVLRQLQJ SUREOHP WKHVH DOJRULWKPV KDYH
DOUHDG\ EHHQ ZLGHO\ XVHG WR VROYH FKDQQHO DVVLJQPHQW SUREOHPV HJ >'XTXH
$QWRQ@ >0DWKDU@ DQG >%HFNPDQQ@ +RZHYHU WKH FHOO
GLPHQVLRQLQJ LV PXFK PRUH GLIILFXOW WKDQ WKH FKDQQHO DVVLJQPHQW DV WKH







$ UHDO DXWRPDWLF SODQQLQJ DSSURDFK VKRXOG KDYH WKH FDSDELOLW\ WR VHDUFK SRWHQWLDO
FHOOVLQFOXGLQJ%6ORFDWLRQVDQGFRQILJXUDWLRQVE\LWVHOI7KLVNLQGRISUREOHPVDUH
FDOOHGDXWRPDWLFEDVHVWDWLRQSODFHPHQWDQGGLPHQVLRQLQJ$%63$'
2EYLRXVO\ $%63$' LV PRUH GLIILFXOW WKDQ WKH FHOO VHOHFWLRQ DQG FHOO




6LQFH WKHRWKHU SDUDPHWHUV VXFK DV WKH WUDQVPLWWHG SRZHUSL DQWHQQD KHLJKWKL DQG
RULHQWDWLRQ DL DUH DOVR XQNQRZQ WKH H[SRQHQW LV FHUWDLQO\ PXFK JUHDWHU WKDQ Q¼P
7KHUHIRUH$%63$'LVDOVR13FRPSOHWH
$XWRPDWLFFHOOSODQQLQJKDVQRWEHHQH[WHQVLYHO\VWXGLHG\HW,Q>+XUOH\@
DQ DSSURDFK EDVHG RQ 6$ LV XVHG IRU FHOO VLWH VHOHFWLRQ DQG FRQILJXUDWLRQ )RXU





VHDUFK VSDFH FDQ EH FRQWUROOHG DQGZLOO QRW H[SDQG H[SRQHQWLDOO\ 7KH KLHUDUFKLFDO





QRWZDQW WRZRUNZLWK DQXQQHFHVVDULO\ VPDOO FHOO VL]H:KDW LV QHHGHG LV LQ IDFW D
PHWKRGWKDWPDWFKHVFHOOVL]HVWRWKHFDSDFLW\UHTXLUHPHQWV6RWKHV\VWHPLVXVXDOO\









7KHJURZWKSODQLQJSUREOHPEHFRPHVPRUH DQGPRUH LPSRUWDQW DQG IUHTXHQWO\
IDFHGE\ WKHQHWZRUNSODQQHUVGXH WR WKH WUHPHQGRXV JURZWK LQGHPDQG IRUPRELOH
VHUYLFHV 7KLV SUREOHP ZDV ILUVW VWXGLHG LQ >9DVXGHYDQ@ ,Q DQ H[LVWLQJ
QHWZRUNLIWKHVXEVFULEHUJURZWKPDNHVVRPHRIWKHH[LVWLQJFHOOVXQDEOHWRFDUU\WKH
















&HOOVHOHFWLRQ 8QNQRZQ .QRZQ .QRZQ 1R
&HOOGLPHQVLRQLQJ .QRZQ .QRZQ 8QNQRZQ 1R
$%63$' 8QNQRZQ 8QNQRZQ 8QNQRZQ 1R





WUDIILF ORDG DQG LQWHUIHUHQFH FRQGLWLRQ 2EYLRXVO\ WKHVH WZR FRQGLWLRQV DUH YHU\
LPSRUWDQW IRU D KLJKTXDOLW\ FHOOXODU V\VWHP GHVLJQ %HVLGHV WKHVH FRQGLWLRQV KDYH




VHW1 LV WKH QXPEHU RI FHOOV:v   ZZ Z1 LV WKH GHPDQG YHFWRU 6 LV WKH
/2&$/&21',7,216 
FRPSDWLELOLW\ PDWUL[ 7KH VSHFWUDO FRVW LH WKH PLQLPXP QXPEHU RI FKDQQHOV IRU
VROYLQJ3LVGHQRWHE\)3
 7UDIILFORDG
$FFRUGLQJ WR WUDIILF WKHRU\ WKH EORFNLQJ SUREDELOLW\ LQFUHDVHVZLWK WKH WUDIILF ORDG
RIIHUHGWRDFHOODQGGHFUHDVHVZLWKWKHQXPEHURIDYDLODEOHFKDQQHOV)RUHDFKFHOO
WKHEORFNLQJSUREDELOLW\PXVWEHORZHUWKDQDQDFFHSWDEOHOHYHOLQRUGHUWRJXDUDQWHH
WKHGHVLUHG*26 ,I WKHDYDLODEOHFKDQQHOVDUHJLYHQ WKH WUDIILF ORDGZLWKLQ WKHFHOO
VKRXOGEHOHVVWKDQVRPHPD[LPXPYDOXH7PD[FRUUHVSRQGLQJWRWKHDOORZHGEORFNLQJ
SUREDELOLW\











 +¼- LLL VZ3) IRUL «1
ZKHUHVLL 0,1FF W\SLFDOO\JUHDWHU WKDQRU HTXDO WR ILYH6LQFH)3PXVWEH OHVV
WKDQ0LQRUGHUWRVROYHWKHFKDQQHODVVLJQPHQWSUREOHPZLWKWKHDYDLODEOHFKDQQHOV
REYLRXVO\









ZKLFK LV WKHPD[LPXPQXPEHURIFKDQQHOV WKDWFDQEHXVHGE\D FHOO%\NQRZLQJ
3EORFNDQGQPD[ZHFDQGHULYHWKHWUDIILFFDSDFLW\RIDFHOODFFRUGLQJWRWKH(UODQJ%
IRUPXOD7KHUHVXOWJLYHVWKHPD[LPXPWUDIILFORDG7PD[
6XSSRVH WKDW WKH VHUYLFH DUHD LV GLJLWL]HG DVPQ SL[HOV DQG WKH SL[HO VL]H LV
 &+$37(5&(//3/$11,1*$6$1237,0,=$7,21352%/(0
D[D\7KHWUDIILFGHQVLW\DWWKHORFDWLRQ[\LVUHSUHVHQWHGE\t[\7KHUHDUHt[
\¼D[¼D\ (UODQJ RI WUDIILF DW [ \ 7KH WUDIILF ORDG RI D FHOO FL LV MXVW LWV WUDIILF










ZKHUH 3FRY[ \ FL DQG 3DVV[ \ FL DUH WKH FRYHUDJH SUREDELOLW\ DQG DVVLJQPHQW
SUREDELOLW\UHVSHFWLYHO\VHH6HFWLRQ
1RZWKHFRQGLWLRQRIWUDIILFORDGFDQEHH[SUHVVHGDV





FL DQG FM 7KLV FRPSDWLELOLW\ FRQVWUDLQW PXVW EH IXOILOOHG IRU D IHDVLEOH FKDQQHO
DVVLJQPHQW
/HW3 &:v 6EHDFKDQQHODVVLJQPHQWSUREOHP6XSSRVHWKDWWKHUHH[LVWVDQ



















  ,&LLLQW \[,&HUIF\[3 














ÊÊ= = D¼D¼¼¼=  
$JDLQ 3FRY[ \ FL DQG 3DVV[ \ FL DUH WKH FRYHUDJH SUREDELOLW\ DQG DVVLJQPHQW
SUREDELOLW\UHVSHFWLYHO\$DUHDFLLVWKHDUHDFRYHUDJHRIFLDVJLYHQE\
1RZWKHFRQGLWLRQRILQWHUIHUHQFHSUREDELOLW\FDQEHH[SUHVVHGDV




7KHGHVLJQ REMHFWLYHV FDQ EH DGGUHVVHG E\ WKUHH FRQGLWLRQV FRYHUDJH UDWH VSHFWUDO
FRVWDQGILQDQFLDOFRVW7KHVHFRQGLWLRQVDUHFDOOHGJOREDOFRQGLWLRQVEHFDXVHWKH\DUH
GHILQHGRQDVHWRIFHOOV& ^FFF1`$QDGPLVVLEOHFHOOVHWKDVWRFRPSO\ZLWK
WKUHH WKUHVKROGYDOXHV qFRY0PD[(EXGJHWFRUUHVSRQGLQJ WR WKHJOREDOFRQGLWLRQV ,Q
WKLV VHFWLRQ ZHZLOO GLVFXVV KRZ WR FDOFXODWH WKH FRYHUDJH UDWH VSHFWUDO FRVW DQG
ILQDQFLDOFRVWRIDJLYHQFHOOVHW
 &RYHUDJHUDWH
)LUVW WKHFRYHUDJHUDWH LVFRQVLGHUHGZKLFK LVGHILQHGDV WKHSURSRUWLRQRI WKHDUHD
RU WUDIILFFRYHUHGE\WKHFHOOV^FF F1`$OWKRXJK WZRFRYHUDJHUDWHVFDQEH







FDQ UHFHLYH VLJQDOV IURP D FHOO FL ZLWK D FRYHUDJH SUREDELOLW\3FRY[ \ FL ZKLFK
VSHFLILHVWKHSUREDELOLW\RIDORFDWLRQEHLQJFRYHUHGE\WKHFHOO
,QFHOOXODUPRELOHV\VWHPVWKHUHDUHRYHUODSSLQJDUHDVEHWZHHQFHOOV7KLVPHDQV








`^ LFRYL F\[3U3 = 
DQG
`^ LFRYL F\[3U3 -= 
ZKHUH LU GHQRWHVWKHFRPSOHPHQWRIUL,WPHDQVWKDWFLIDLOVWRFRYHU[\,IULDQGUMDUHXQUHODWHGWKHIROORZLQJUHODWLRQVKLSH[LVWV








































7KHUH DUHPQ SL[HOV DQG WKH SL[HO VL]H LV D[D\ (DFK SL[HO LV ZHLJKWHG E\ WKH
*/2%$/&21',7,216 









































6LQFH WKH WUDIILF LV XVXDOO\ GLVWULEXWHG XQHYHQO\ LQ WKH VHUYLFH DUHD WKH WUDIILF
FRYHUDJH UDWH LV QRW HTXDO WR WKH DUHD FRYHUDJH UDWH $VVXPH WKDW WKH WUDIILF










































































+HQFH WKH DUHD FRYHUDJH UDWH FDQ EH YLHZHG DV D VSHFLDO FDVH RI WKH WUDIILF
FRYHUDJH UDWH%HVLGHVD VDWLVIDFWRU\ FRYHUDJHRI WKH WUDIILF LVRQHRI WKHQHFHVVDU\
UHTXLUHPHQWV IRU GHVLJQLQJ D FHOOXODU V\VWHP LQ DQ HIILFLHQW ZD\ ,W LV HDV\ WR





IRUDVVLJQLQJHDFKFHOODVXIILFLHQWQXPEHURIFKDQQHOV7KLV LV WKH ORZHUERXQG IRU
WKHFKDQQHO DVVLJQPHQWSUREOHP&$3 ,Q6HFWLRQ WKH&$3 LV IRUPXODWHG DV D
JHQHUDOL]HG JUDSK FRORULQJ SUREOHP ZKLFK LV NQRZQ WR EH 13FRPSOHWH
>*DUH\@ $Q H[DFW VHDUFK IRU WKH RSWLPDO VROXWLRQ LV LPSUDFWLFDO IRU D ODUJH
VFDOH V\VWHPGXH WR LWV H[SRQHQWLDOO\ JURZLQJ FRPSXWDWLRQ WLPH ,QVWHDG RI VROYLQJ








0` WR WKHYHUWLFHV VXFK WKDW HDFKYHUWH[YL KDVZL LQWHJHUV DVVLJQHG7KH GLIIHUHQFH
EHWZHHQWKHLQWHJHUVDVVLJQHGWRWZRDGMDFHQWYHUWLFHVPXVWQRWEHOHVVWKDQWKHHGJH










Ê³= 5F M5 M ZZ   
,IVLL±X
5LLL ZVZ3) ++¼-  D
HOVH
( )PD[ +---++¼- XVZZVZ3) LLL5LLL  E
3URRI'HILQH3


















































PD[PD[  NXLVX4FN 4:3) LLNL =³=  
7KHVSHFWUDOFRVWRI&LVWKHQFDOFXODWHGDV




Ê³=+= NL 4F L5LNXL ZZZ4:   
)URPWKHDERYHHTXDWLRQZHVHHWKDW:LX4NKDVWKHVDPHYDOXHIRUHDFKFHOOFL³
4N7KLVYDOXH LV GHILQHGDV WKHZHLJKWRI D FOLTXH GHQRWHG DV:4N ,Q WKLV FDVH
)N3LVMXVWHTXDOWRWKHFOLTXHZHLJKW:4N$VDUHVXOWWKHVSHFWUDOFRVW
PD[  N.NUHT 4:&0 ==  
7KLVPHDQV WKDW WKHPD[LPXPFOLTXHZHLJKWSURYLGHVD ORZHUERXQG IRUDSXUHFR

























%6 ,W LV GLIILFXOW WR FDOFXODWH EHFDXVH VXFK D FRVW VWURQJO\ GHSHQGV RQ WKH
HQYLURQPHQWZKHUHWKH%6LVORFDWHG,QDVLPSOHPRGHOWKHVLWHFRVWLVMXVWGHILQHGDV
D IXQFWLRQ RI WKHPRUSKR FODVV HJ WKH XUEDQ VXEXUEDQ RU UXUDO DUHDV*HRJUDSKLF
LQIRUPDWLRQV\VWHPV*,6DUHXVHIXO IRUHYDOXDWLQJ WKHVLWHFRVW7KHPRUHGHWDLOHG
LQIRUPDWLRQ ZH KDYH WKH PRUH DFFXUDWH FRVW ZH FDQ REWDLQ ,Q SUDFWLFDO V\VWHP
GHVLJQVLWHVXUYH\VDUHXVXDOO\PDGHLQRUGHUWRJHWDQH[DFWFRVWRIVLWHV0RUHRYHU
WKHVLWHFRVWDOVRLQFOXGHVWKHFRVWRIEXLOGLQJVDQGWRZHUVLIUHTXLUHG
7KH HTXLSPHQW LQVWDOOHG LQ WKH %6 PDLQO\ FRQVLVWV RI WKH DQWHQQDV DQG
WUDQVFHLYHUV VR WKH HTXLSPHQW FRVW (HTFL LV GHWHUPLQHG E\ WKH DQWHQQDV DQG




LWV WUDQVPLWWHGSRZHU7KXV D OLQHDU UHODWLRQVKLSEHWZHHQ WKHPDLQWHQDQFH FRVW DQG
WKHWUDQVPLWWHGSRZHULVDVVXPHGLQRXURSWLPL]DWLRQPRGHO
WWPLP 3(F( ¼+= r IRU3PLQ3W3PD[ 
ZKHUH3W LV WKH WUDQVPLWWHG SRZHU3PLQ DQG3PD[ DUH WKH PLQLPXP DQG PD[LPXP








FHOOV LQ&*HQHUDOO\ WKH ILQDQFLDO FRVW RI& EHFRPHV KLJKHU LI LW FRQVLVWV RIPRUH







VWUDWHJ\ LVQHHGHG2QH LPSRUWDQWFKDUDFWHULVWLFRI WKH FHOOSODQQLQJSUREOHP LV WKDW
WKH JOREDO FRQGLWLRQV DUH LQWHUUHODWHG ,QFUHDVLQJ WKH FRYHUDJH UDWH SUREDEO\ FDXVHV
KLJKHU ILQDQFLDO FRVW ,PSURYLQJ WKH V\VWHP FDSDFLW\ SUREDEO\ UHTXLUHV PRUH
IUHTXHQF\ FKDQQHOV 6R WKHVH FRQGLWLRQV QHHG WR EH FRQVLGHUHG VLPXOWDQHRXVO\





FODVVLILHG DV 023 8QIRUWXQDWHO\ PRVW RSWLPL]DWLRQ DOJRULWKPV FRQILQH WR 623
ZKHUHRQO\RQH³EHVW´VROXWLRQFRXOGEHIRXQGEDVHGRQWKHVLQJOHREMHFWLYH,Q023
EHFDXVH WKH REMHFWLYHV PD\ EH FRQIOLFWLQJ WKHUH GRHV QRW H[LVW D XQLTXH RSWLPDO
VROXWLRQ WKDW LV D JOREDOPLQLPXP RUPD[LPXPZLWK UHVSHFW WR DOO WKH REMHFWLYHV
,QVWHDG WKHUH LV D VHW RI RSWLPDO VROXWLRQV ZKLFK UHSUHVHQW WUDGHRIIV EHWZHHQ WKH
















VHWRIPREMHFWLYHIXQFWLRQVWKDWPDSDGHFLVLRQYHFWRU [v  WRDQREMHFWLYHYHFWRU \v 
08/7,2%-(&7,9(237,0,=$7,21 
7KHRSWLPL]DWLRQJRDOLVWR
PLQLPL]HPD[LPL]H   [I[I[I[I\ P vvvvv ==
ZKHUH [v  [[[Q³;
 \v  \\\P³<
;LVFDOOHGWKHGHFLVLRQVSDFHDQG<LVWKHREMHFWLYHVSDFH
:LWKRXW ORVV RI JHQHUDOLW\ D PD[LPL]DWLRQ SUREOHP LV DVVXPHG KHUH )RU
PLQLPL]DWLRQRUPL[HGPD[LPL]DWLRQPLQLPL]DWLRQSUREOHPVWKHGHILQLWLRQVSUHVHQWHG
LQ WKLV VHFWLRQ DUH VLPLODU ,Q VLQJOH REMHFWLYH RSWLPL]DWLRQ WKH RSWLPDO VROXWLRQ LV
XVXDOO\ FOHDUO\ GHILQHG DV WKH VROXWLRQV FDQ EH WRWDOO\ RUGHUHG DFFRUGLQJ WR WKH
REMHFWLYHIXQFWLRQI)RUDQ\WZRVROXWLRQV [v  [v ³;HLWKHUI [v I [v RUI [v I [v  7KH VROXWLRQ WKDW JLYHV WKH PD[LPXP YDOXH RI I LV WKH RSWLPDO VROXWLRQ+RZHYHUZKHQVHYHUDOREMHFWLYHVDUHLQYROYHG WKHVLWXDWLRQFKDQJHV7KHVROXWLRQV




UHSUHVHQWHGE\SRLQW% LVEHWWHU WKDQ WKH VROXWLRQ UHSUHVHQWHGE\SRLQW& EHFDXVH%
SURYLGHVKLJKHUFRYHUDJHDWORZHUFRVW ,WZRXOGHYHQEHSUHIHUDEOHLI LWZRXOGRQO\













'HILQLWLRQ)RUDQ\WZRREMHFWLYHYHFWRUV \v DQG \v 
 \\ vv = LII\L \LIRUDOOL³>P@
 \\ vv  LII\L\LIRUDOOL³>P@




DQG( % $OWKRXJK WKH VROXWLRQ DVVRFLDWHG ZLWK( LV FKHDSHU LW SURYLGHV ORZHU
FRYHUDJHWKDQWKHVROXWLRQUHSUHVHQWHGE\%7KHUHIRUHWZRGHFLVLRQYHFWRUV [v  [vFDQKDYHWKUHHSRVVLELOLWLHVZLWK023VUHJDUGLQJWKHUHODWLRQ³´LQFRQWUDVWWRWZR
ZLWK623VI [v I [v I [v I [v RUI [v  I [v ¾I [v  I [v ,QRUGHUWRFODVVLI\WKHGLIIHUHQWVLWXDWLRQVWKHIROORZLQJV\PEROVDQGWHUPVDUHXVHG
'HILQLWLRQ3DUHWRGRPLQDQFH)RUDQ\WZRGHFLVLRQYHFWRUV [v DQG [v 
[v   [v  [v  GRPLQDWHV [v LIII [v !I [v 
[v   [v  [v  SDUWLDOO\GRPLQDWHV [v LIIf( [v )  f( [v )
[v   [v  [v  LVLQGLIIHUHQWWR [v LII f( [v )  f( [v ) ¾ f( [v )  f( [v )
7KHGHILQLWLRQVIRUDPLQLPL]DWLRQSUREOHP   DUHDQDORJRXV
)LJXUH 3RVVLEOHUHODWLRQVEHWZHHQVROXWLRQVLQPXOWLREMHFWLYHVSDFH
,Q)LJXUHWKHOLJKWJUD\UHFWDQJOHHQFDSVXODWHVWKHUHJLRQLQREMHFWLYHVSDFH
















EH LQWURGXFHG 5HIHUULQJ WR )LJXUH  $ LV XQLTXH DPRQJ %&' DQG ( DV LWV
FRUUHVSRQGLQJGHFLVLRQYHFWRU Dv LVQRWGRPLQDWHGE\DQ\RWKHUGHFLVLRQYHFWRU7KDW
PHDQV Dv LVRSWLPDOLQWKHVHQVHWKDWLWFDQQRWEHLPSURYHGLQDQ\REMHFWLYHZLWKRXW
FDXVLQJ D GHJUDGDWLRQ LQ DW OHDVW RQH RWKHU REMHFWLYH 6XFK VROXWLRQV DUH NQRZQ DV
3DUHWRRSWLPDO7KH\DUHDOVRFDOOHGQRQGRPLQDWHGRUQRQLQIHULRUVROXWLRQV
'HILQLWLRQ  3DUHWR RSWLPDOLW\ $ GHFLVLRQ YHFWRU Dv  LV VDLG WR EH QRQ
GRPLQDWHGUHJDUGLQJDVHW$²;LII
 [v ³$ [v  Dv
)XUWKHUPRUH Dv LVVDLGWREH3DUHWRRSWLPDOLII Dv LVQRQGRPLQDWHGUHJDUGLQJ;
,Q)LJXUHWKHZKLWHSRLQWVUHSUHVHQW3DUHWRRSWLPDOVROXWLRQVDQGDUHWUDGHRIIV
EHWZHHQ WKH FRQIOLFWLQJ REMHFWLYHV ,PSURYHPHQW LQ DQ\ RQH RI WKH REMHFWLYHV PD\
LPSDLUWKHRWKHUVDQGYLFHYHUVD1RQHRIWKHVHVROXWLRQVFDQEHUHFRJQL]HGDVEHWWHU





$S ^ Dv ³$_ Dv LVQRQGRPLQDWHGUHJDUGLQJ$`
7KH FRUUHVSRQGLQJ VHW RI REMHFWLYH YHFWRUV LV GHILQHG DV WKH QRQGRPLQDWHG IURQW
UHJDUGLQJ$JLYHQE\
)$S ^I Dv _ Dv ³$S`




FHUWDLQ QHLJKERUKRRG 0RUHRYHU 023V PD\ KDYH XQFRXQWDEOH 3DUHWR RSWLPDO




















7KHZHLJKWLQJPHWKRGFRQYHUWV WKH RULJLQDO023 LQWR DQ623E\ IRUPLQJ D OLQHDU
FRPELQDWLRQRIWKHREMHFWLYHV













PHWKRG 7KH PDLQ GLVDGYDQWDJH LV WKDW LW FDQ QRW ILQG 3DUHWR RSWLPDO VROXWLRQV LQ
023VZLWKDQRQFRQYH[3DUHWRRSWLPDOIURQW7KLVLVLOOXVWUDWHGLQ)LJXUHZLWKD
'REMHFWLYHVSDFH)RUIL[HGZHLJKWVZZDVROXWLRQ [v LVVRXJKWWRPD[LPL]H\ 

















LPSRUWDQWRQH DQG WR WUHDW WKH UHPDLQLQJP± REMHFWLYHV DV FRQVWUDLQWV7KXV WKH
023LVFRQYHUWHGLQWRDQGVXEVHTXHQWO\VROYHGDVDQ623
PD[LPL]H\ I [v  IM [v 
VXEMHFWWR
IL [v qLL «PDQGLM
7KH ORZHU ERXQGV qL VKRXOG EH FKRVHQ E\ WKH RSWLPL]HU IRU HDFK RI WKH P ± 
REMHFWLYHV7KH3DUHWRRSWLPDOVHWFDQEHIRXQGE\VROYLQJWKHDERYHFRQVWUDLQW623
ZLWKGLIIHUHQWYDOXHVRIqL












VROLG OLQH PDNHV WKH VROXWLRQ UHSUHVHQWHG E\ ' LQIHDVLEOH UHJDUGLQJ WKH JLYHQ
FRQVWUDLQWZKLOHWKHVROXWLRQUHODWHGWR&PD[LPL]HVWKHREMHFWLYHI7KHQRQFRQYH[








PLQPD[ DSSURDFK >.RVNL@ DQG RWKHUV DOO WKHVH PHWKRGV KDYH VRPH
GLIILFXOWLHVZLWK023V%DVHGRQWKHDERYHGLVFXVVLRQVRQWKHZHLJKWLQJPHWKRGDQG
FRQVWUDLQWPHWKRGLWFDQEHVKRZQWKDW
 6RPHNLQGRINQRZOHGJHDERXW WKHDSSOLFDWLRQSUREOHP LV UHTXLUHGZKLFKPD\
QRWEHDYDLODEOH
 6RPH WHFKQLTXHV HJ WKHZHLJKWLQJPHWKRG DUH VHQVLWLYH WR WKH VKDSH RI WKH
3DUHWRRSWLPDOIURQW
,QVSLWHRIWKHVHGLIILFXOWLHVFODVVLFDOPHWKRGVDUHVWLOOZLGHO\XVHG:KDWPDNHVWKHP
























7KH SRWHQWLDO RI *$V WR EHFRPH D SRZHUIXO PHWKRG IRU PXOWLREMHFWLYH
RSWLPL]DWLRQ KDV ORQJ EHHQ UHFRJQL]HG >6FKDIIHU@ *$V VHHP SDUWLFXODUO\
VXLWDEOH WR VROYH 023V EHFDXVH WKH\ GHDO VLPXOWDQHRXVO\ ZLWK D VHW RI SRVVLEOH
VROXWLRQVQDPHO\SRSXODWLRQ7KLVLQKHUHQWFKDUDFWHULVWLFDOORZVWKHPWRILQGDVHWRI
3DUHWRRSWLPDOVROXWLRQVLQDVLQJOHRSWLPL]DWLRQUXQLQVWHDGRIKDYLQJWRSHUIRUPD
VHULHVRI VHSDUDWH UXQVDV LQ WKHFDVHRI WKH FODVVLFDOPHWKRGV ,Q DGGLWLRQ*$VDUH
OHVVVXVFHSWLEOHWRWKHVKDSHRUFRQWLQXLW\RIWKH3DUHWRRSWLPDOIURQW7KHUHIRUH*$





,Q WKLV FKDSWHUZH KDYH DQDO\]HG WKH FHOO SODQQLQJ SUREOHP IURP WKH YLHZSRLQW RI
V\VWHPSHUIRUPDQFHRSWLPL]DWLRQ)LUVWDJHQHUDOGHVFULSWLRQRIWKHSUREOHPKDVEHHQ
JLYHQ )RXU NLQGV RI SUREOHPV LH FHOO VHOHFWLRQ FHOO GLPHQVLRQLQJ DXWRPDWLF EDVH





FRQGLWLRQV 7KH ORFDO FRQGLWLRQV LQFOXGLQJ WKH WUDIILF ORDG DQG LQWHUIHUHQFH
SUREDELOLW\DUHGHILQHGRQHDFKVLQJOHFHOOZKLOHWKHJOREDOFRQGLWLRQVDUHGHILQHGRQ
WKH ZKROH V\VWHP D VHW RI FHOOV LQFOXGLQJ WKH FRYHUDJH UDWH VSHFWUDO FRVW DQG
ILQDQFLDOFRVW7KHJOREDOFRQGLWLRQVDUHXVHGDVRSWLPL]DWLRQREMHFWLYHV
&HOO SODQQLQJ LV D W\SLFDO PXOWLREMHFWLYH RSWLPL]DWLRQ SUREOHP DV VHYHUDO
REMHFWLYHV QHHG WR EH FRQVLGHUHG VLPXOWDQHRXVO\ 7KH SULQFLSOHV RI PXOWLREMHFWLYH
RSWLPL]DWLRQ KDYH EHHQ RXWOLQHG LQ 6HFWLRQ  7KLV VHFWLRQ KDV DOVR UHYLHZHG WKH
FODVVLFDOPHWKRGVIRUVROYLQJPXOWLREMHFWLYHSUREOHPV7KHLQVXIILFLHQF\RIFODVVLFDO
 &+$37(5&(//3/$11,1*$6$1237,0,=$7,21352%/(0




7KLV FKDSWHU VHHNV WR GUDZ DWWHQWLRQ WR JHQHWLF DOJRULWKPV *$V IRU VROYLQJ FHOO
SODQQLQJ SUREOHPV ,W EHJLQV ZLWK D EULHI LQWURGXFWLRQ WR *$V DIWHU ZKLFK D EDVLF








GHDO ZLWK GHFLVLRQ YDULDEOHV (DFK VROXWLRQ LV HQFRGHG DV D FKURPRVRPHOLNH ELW
VWULQJ+RZHYHUVRPHUHVHDUFKHUVDUJXHWKDWVXFKELQDU\*$VKDYHVRPHGUDZEDFNV
ZKHQ WKH GHFLVLRQ YDULDEOHV DUH QDWXUDOO\ FRQWLQXRXV >0LFKDOHZLF] +DXSW
@7KHGLUHFWPDQLSXODWLRQRI UHDOYDOXHG FKURPRVRPHVZLOO EH FRQVLGHUHG LQ
6HFWLRQ
$VPHQWLRQHGLQ&KDSWHU*$VZHUH UHFRJQL]HG WREHZHOOTXDOLILHG WR WDFNOH
PXOWLREMHFWLYHRSWLPL]DWLRQSUREOHPV&XUUHQWO\WKHUHLVUDSLGO\JURZLQJLQWHUHVWLQ
WKH DUHD RI PXOWLREMHFWLYH JHQHWLF DOJRULWKPV 02*$V 6HFWLRQ  ZLOO EH
FRQFHQWUDWHGRQ02*$V)LUVW WKHNH\ HOHPHQWVRI*$V IRUPXOWLREMHFWLYH VHDUFK
ZLOO EH GLVFXVVHG 7KHQ DQ DOJRULWKP EDVHG RQ QRQGRPLQDWHG VRUWLQJ DQG HOLWLVP














,Q *$V IRXU PDLQ SURFHGXUHV FDQ EH LGHQWLILHG VHH )LJXUH  8VXDOO\
LQGLYLGXDOV DUH HQFRGHG DV FKURPRVRPHOLNH ELWVWULQJV *$V VLPXODWH WKH
HYROXWLRQDU\SURFHVVE\JHQHUDWLQJDQLQLWLDOSRSXODWLRQRILQGLYLGXDOVDQGLWHUDWLYHO\
DSSO\LQJ JHQHWLF RSHUDWRUV LH VHOHFWLRQ UHFRPELQDWLRQ DQG PXWDWLRQ LQ HDFK
UHSURGXFWLYHF\FOH)LUVWVHOHFWLRQLVH[HFXWHGWRVHOHFWDFRXSOHRILQGLYLGXDOVEDVHG
RQ WKHLU ILWQHVV YDOXHV 7KLV PD\ EH SHUFHLYHG DV DQ DOORFDWLRQ RI UHSURGXFWLYH
RSSRUWXQLWLHVWKHKLJKHUWKHILWQHVVYDOXHRIDQLQGLYLGXDOWKHPRUHOLNHO\LWLVWREH
VHOHFWHG2QHDFKSDLURIVHOHFWHGLQGLYLGXDOVSDUHQWVUHFRPELQDWLRQLVDSSOLHGZLWK
SUREDELOLW\ SU ,Q WKLV SURFHGXUH WKH SDUHQWV H[FKDQJH WKHLU JHQHWLF LQIRUPDWLRQ WR
JHQHUDWH WZRQHZ LQGLYLGXDOV FKLOGUHQ7KH VHOHFWLRQ DQG UHFRPELQDWLRQ RSHUDWRUV
FRPSRVHWKHFRRSHUDWLRQVWHSRI WKH*$$IWHUZDUGVDPXWDWLRQRSHUDWRU LVDSSOLHG
ZLWKDSUREDELOLW\RISPRQHDFKFKLOGE\UDQGRPO\DOWHULQJVRPHJHQHVLQWKHFKLOG¶V
FKURPRVRPH 7KLV SURFHGXUH LV WKH VHOIDGDSWDWLRQ VWHS RI WKH *$ DQG SUHYHQWV
SUHPDWXUHFRQYHUJHQFHRIWKHSRSXODWLRQ7KHQHZJHQHUDWHGFKLOGUHQDUHSXWLQWRDQ
LQWHUPHGLDWHSRSXODWLRQFDOOHGRIIVSULQJ7KH UHSURGXFWLRQSURFHVV LV UHSHDWHGXQWLO
WKH RIIVSULQJ LV IXOO LH D SUHGHILQHG QXPEHU RI FKLOGUHQ KDYH EHHQ SURGXFHG 7KH
RIIVSULQJFDQHLWKHU UHSODFHDOORUDSDUWRI WKH LQGLYLGXDOV LQ WKH LQLWLDOSRSXODWLRQ












WKH YDULRXV DVSHFWV RI *$V FDQ EH IRXQG LQ >*ROGEHUJ )RJHO DQG
0LFKDOHZLF]@
















 &UHDWHDQLQGLYLGXDO LDv UDQGRPO\RUKHXULVWLFDOO\ 3 3­^ LDv `
6WHS(YDOXDWLRQ






 6HOHFW WZR LQGLYLGXDOV Dv  Ev ³3 DFFRUGLQJ WR D JLYHQ VFKHPH
DQGEDVHGRQWKHILWQHVVYDOXHV














,W PXVW EH HPSKDVL]HG WKDW WKLV DOJRULWKP GRHV QRW UHIOHFW D *$ LQ LWV PRVW
JHQHUDO IRUP DV IRU H[DPSOH WKH SRSXODWLRQ VL]H QHHG QRW EH UHVWULFWHG DQG
UHFRPELQDWLRQFDQDOVRLQYROYHPRUHWKDQWZRSDUHQWV0RUHRYHUDODUJHQXPEHURI




7KHPHFKDQLVPRI*$V LVQHLWKHUJRYHUQHGE\ WKHXVHRIGLIIHUHQWLDO HTXDWLRQVQRU
GRHVLWEHKDYHOLNHDFRQWLQXRXVIXQFWLRQ,WSRVVHVVHVWKHXQLTXHDELOLW\WRVHDUFKDQG
RSWLPL]H D VROXWLRQ RI D FRPSOH[ V\VWHP ZKHUH RWKHU PDWKHPDWLFDO RULHQWHG
WHFKQLTXHV PD\ KDYH IDLOHG WR FRPSLOH WKH QHFHVVDU\ GHVLJQ VSHFLILFDWLRQV 7KLV
SURSHUW\PDNHV*$VEHDEOHWRVROYHDQXPEHURIHQJLQHHULQJSUREOHPV









*$V GR QRW GLUHFWO\ GHDO ZLWK WKH GHFLVLRQ YDULDEOHV RI WKH RSWLPL]DWLRQ SUREOHP
7KH\ZRUNZLWKFKURPRVRPHOLNHFRGHVZKLFKUHSUHVHQWWKHVROXWLRQV7KXVWKHILUVW
LVVXHLQD*$DSSOLFDWLRQLVKRZWRUHSUHVHQWVROXWLRQVRIWKHSUREOHPXQGHUVWXG\LH
KRZ WR XVH D GDWD VWUXFWXUH WKDW LV DSSURSULDWH IRU WKH SUREOHP 7KH PHWKRG RI
UHSUHVHQWDWLRQ KDV D PDMRU LPSDFW RQ WKH SHUIRUPDQFH RI WKH *$ 'LIIHUHQW
UHSUHVHQWDWLRQVFKHPHVPLJKW FDXVHGLIIHUHQWSHUIRUPDQFH LQ WHUPVRI DFFXUDF\ DQG
FRPSXWDWLRQWLPH
7KH QXPEHU RI SRVVLEOH UHSUHVHQWDWLRQ VFKHPHV LV HQGOHVV ,Q WKH *$OLE
>:DOO@ VHYHUDO NLQGV RI JHQRPHV DUH LPSOHPHQWHG VXFK DV ELWVWULQJ YHFWRU
PDWUL[DQGWUHH$PRQJWKHPWZRUHSUHVHQWDWLRQVDUHFRPPRQO\XVHGLQ*$V7KH
'(6,*1$63(&762)*(1(7,&$/*25,7+06 
SUHIHUUHG RQH LV WKH ELWVWULQJ UHSUHVHQWDWLRQ 7KH UHDVRQ IRU WKLV PHWKRG EHLQJ




>=LW]OHUD@ GLVWLQJXLVKHG WKH GHFLVLRQ YHFWRUV DQG WKHLU UHSUHVHQWDWLRQ E\
VSHFLI\LQJWZRVWDWHVSDFHVDQLQGLYLGXDOVSDFH3DQGDGHFLVLRQVSDFH;DVVKRZQLQ
)LJXUH*LYHQDGHFLVLRQYHFWRU L[v ³;WKHPDSSLQJIXQFWLRQJHQFRGHVLWEDVHGRQDQDSSURSULDWHUHSUHVHQWDWLRQVFKHPHWRJHWWKHFRUUHVSRQGLQJLQGLYLGXDO LDv ³3,QEULHI LDv  J L[v 7KHLQGLYLGXDO LDv LVWKHQPDQLSXODWHGE\WKH*$
)LJXUH 5HODWLRQVEHWZHHQLQGLYLGXDOVSDFHGHFLVLRQVSDFHDQGREMHFWLYHVSDFH
 (YDOXDWLRQDQGILWQHVVDVVLJQPHQW
*$V DUHPRUH DWWUDFWLYH WKDQ JUDGLHQW VHDUFKPHWKRGV EHFDXVH WKH\ GR QRW UHTXLUH
FRPSOLFDWHG GLIIHUHQWLDO HTXDWLRQV RU D VPRRWK VHDUFK VSDFH 7KH*$ QHHGV RQO\ D
VLQJOH PHDVXUH RI KRZ JRRG D VROXWLRQ LV FRPSDUHG WR WKH RWKHU VROXWLRQV 7KH
REMHFWLYH IXQFWLRQ DOVR FDOOHG FRVW IXQFWLRQ IRU D PLQLPL]DWLRQ SUREOHP SURYLGHV
VXFKDPHDVXUHJLYHQDVROXWLRQKRZJRRGLVLWUHODWLYHWRRWKHUV"
6LQFH WKH REMHFWLYH IXQFWLRQ LV GHILQHG RQ WKH GHFLVLRQ YHFWRU HDFK LQGLYLGXDO
PXVW EH GHFRGHG EHIRUH LWV REMHFWLYH IXQFWLRQ FDQ EH FDOFXODWHG 7KLV VLWXDWLRQ LV
LOOXVWUDWHG LQ)LJXUH)LUVW WKH LQYHUVHPDSSLQJ IXQFWLRQJGHULYHV WKHGHFLVLRQ




 LL [I\ vv = LL DJ[ vv -=
 LL [JD vv =
 &+$37(5*(1(7,&$/*25,7+06
7KHTXDOLW\RIDQLQGLYLGXDOLVHYDOXDWHGE\DVFDODUYDOXHWKHVRFDOOHGILWQHVV
7KH ILWQHVV FDQ EH YLHZHG DV WKH QXPEHU RI RIIVSULQJ DQ LQGLYLGXDO LV H[SHFWHG WR
SURGXFH WKURXJK VHOHFWLRQ ,W LV IXQGDPHQWDOO\ GLIIHUHQW IURP WKH REMHFWLYH YHFWRU
HYHQLQVLQJOHREMHFWLYHRSWLPL]DWLRQZKLFKLVLQWULQVLFWRWKHSUREOHPDQGUHIOHFWV
WKH*$¶VRSWLPDOLW\FRQGLWLRQ2QWKHRWKHUKDQGWKHILWQHVVDVVLJQPHQWUHODWHVWRWKH
VHOHFWLRQ SURFHVV EHLQJ D FXVWRPL]DEOH SDUW RI WKH RSWLPL]DWLRQ VWUDWHJ\ 7KHUH DUH
HVVHQWLDOO\ WZR W\SHV RI ILWQHVV DVVLJQPHQW DSSURDFKHV VFDOLQJ DQG UDQNLQJ
>*ROGEHUJ)RQVHFDD@
$ 6FDOLQJ
6FDOLQJ LV WKHPRUH WUDGLWLRQDO DSSURDFK RQO\ DSSOLFDEOH WR D VLQJOH REMHFWLYH 7KH




ODZVFDOLQJDQGVLJPDVFDOLQJ$V WKHQDPH LPSOLHV OLQHDU VFDOLQJVLPSO\PDSVDQ
REMHFWLYHVFRUH WRDVFDOHGILWQHVVXVLQJD OLQHDU IXQFWLRQ ,QSRZHU ODZVFDOLQJ WKH
VFDOHGILWQHVVLVWDNHQDVVRPHVSHFLILHGSRZHURIWKHREMHFWLYHVFRUH6LJPDVFDOLQJ




ODUJH UHODWLYH ILWQHVV DQG WKURXJK VHOHFWLRQ UDSLGO\ GRPLQDWH WKH SRSXODWLRQ




5DQNLQJ LV SHUIRUPHG E\ VRUWLQJ WKH SRSXODWLRQ EDVHG RQ WKH REMHFWLYH VFRUHV
DQG VXEVHTXHQWO\ DVVLJQLQJ ILWQHVV WR HDFK LQGLYLGXDO DFFRUGLQJ WR LWV SRVLWLRQ RU
UDQNLQWKHSRSXODWLRQ1RWHWKDWKHUHWKHILWQHVVLVUHODWHGWRWKHZKROHSRSXODWLRQ
ZKHUHDV ZLWK VFDOLQJ DQG VRPH RWKHU WHFKQLTXHV DQ LQGLYLGXDO¶V ILWQHVV YDOXH LV
FDOFXODWHG LQGHSHQGHQWO\ RI RWKHU LQGLYLGXDOV +HQFH WKH EHVW LQGLYLGXDO LV DOZD\V
DVVLJQHG WKH VDPH UHODWLYH ILWQHVV 7KH ZRXOGEH ³VXSHU´ LQGLYLGXDOV FDQ QHYHU
UHSURGXFH H[FHVVLYHO\ 2Q WKH RWKHU KDQG ZKHQ DOO LQGLYLGXDOV SHUIRUP DOPRVW
HTXDOO\ZHOOWKHEHVWLQGLYLGXDOLVVWLOOXQHTXLYRFDOO\SUHIHUUHGWRWKHUHVW









U=] LL  
ZKHUH]L LV WKHILWQHVVDQGUL LV WKHUDQN= LV WKHUHODWLYHILWQHVVGHVLUHG IRU WKHEHVW
LQGLYLGXDO DQG=! VXFK WKDW ]L³ >=@([SRQHQWLDOPDSSLQJ GHULYHV WKH ILWQHVV
YDOXHIURPWKHLQGLYLGXDO¶VUDQNXVLQJDIXQFWLRQRIWKHIRUP
LUL =] r¼= r 
$JDLQ=LVWKHGHVLUHGILWQHVVRIWKHEHVWLQGLYLGXDOLQWKHSRSXODWLRQ
7KHUDQNLQJPHWKRGFDQDOVREHDSSOLHGWRPXOWLREMHFWLYHRSWLPL]DWLRQ)LWQHVV






PRUH FKLOGUHQ DUH SURGXFHG E\ KLJKO\ ILW LQGLYLGXDOV 7KH VHOHFWLRQ SURFHGXUH
GHWHUPLQHVZKLFKLQGLYLGXDOVDFWXDOO\LQIOXHQFHWKHSURGXFWLRQRIWKHQH[WJHQHUDWLRQ

















7KHUH LV DQRWKHU ZHOONQRZQ VHOHFWLRQ PHWKRG FDOOHG WRXUQDPHQW VHOHFWLRQ








LQGLYLGXDOVZLWKEHWWHU ILWQHVV7KHZRUVHRQHVKDYHQR FKDQFH WR EH VHOHFWHG7KLV
PD\UHVXOWLQSUHPDWXUHFRQYHUJHQFH7KXVZHXVHDSUREDELOLVWLFELQDU\WRXUQDPHQW
VHOHFWLRQ (DFK WLPH WZR LQGLYLGXDOV Dv  DQG Dv  DUH UDQGRPO\ FKRVHQ WR MRLQ DWRXUQDPHQW7KHSUREDELOLW\IRU Dv ZLQQLQJWKHWRXUQDPHQWLVS ]]]DQGWKHSUREDELOLW\ IRU Dv  LV  ± S ,Q WKLV PHWKRG ERWK LQGLYLGXDOV KDYH D FKDQFH WR EHVHOHFWHGGHSHQGLQJRQWKHLUILWQHVV
 *HQHWLFRSHUDWRUV
5HSHDWHG VHOHFWLRQ IURP WKH VDPH SRSXODWLRQ ZRXOG SURGXFH QRWKLQJ EHWWHU WKDQ
PXOWLSOHFRSLHVRIWKHEHVWLQGLYLGXDORULJLQDOO\LQLW)RULPSURYHPHQWWREHDEOHWR
RFFXUVRPHQRYHOW\PXVWEHLQWURGXFHGLQWRWKHSRSXODWLRQEHWZHHQVHOHFWLRQVWHSV
*HQHWLF RSHUDWRUV PRGLI\ WKH VHOHFWHG LQGLYLGXDOV E\ PDQLSXODWLQJ WKHLU
FKURPRVRPHV 7KH JHQHWLF RSHUDWRUV FDQ EH FODVVLILHG LQWR WZR PDLQ FDWHJRULHV 
UHFRPELQDWLRQDQGPXWDWLRQ
7KH LPSOHPHQWDWLRQ RI UHFRPELQDWLRQ DQGPXWDWLRQ QHFHVVDULO\ GHSHQGV RQ WKH
XQGHUO\LQJ JHQRW\SLF UHSUHVHQWDWLRQ )XUWKHU WKH SHUIRUPDQFH RI WKH VDPH RSHUDWRU
JHQHUDOO\GHSHQGVRQ WKHSUREOHPXQGHUFRQVLGHUDWLRQ$JUHDWGHDORI UHVHDUFKKDV
EHHQSXW LQWR LGHQWLI\LQJ WKHEHVWJHQHWLFRSHUDWRUV IRUYDULRXV FODVVHVRISUREOHPV









RQHSRLQW FURVVRYHU ZKHUHE\ WZR LQGLYLGXDOV H[FKDQJH D SRUWLRQ ULJKW RU OHIW RI
WKHLU FKURPRVRPHV WR SURGXFH RIIVSULQJ DV LOOXVWUDWHG LQ )LJXUH  7KH FURVVLQJ
SRLQW LV VHOHFWHG DW UDQGRP 2WKHU UHFRPELQDWLRQ RSHUDWRUV FRPPRQO\ XVHG ZLWK
VWULQJOLNH FKURPRVRPHV DUH WZRSRLQW FURVVRYHU ZKHUH WZR FURVVLQJ SRLQWV DUH
VHOHFWHG LQVWHDG RI RQH DQG XQLIRUP FURVVRYHU ZKHUH HDFK JHQH LV H[FKDQJHG
'(6,*1$63(&762)*(1(7,&$/*25,7+06 
LQGHSHQGHQWO\EDVHGRQDUDQGRPO\JHQHUDWHGFURVVRYHUPDVN
        &URVVRYHU        




ERWK WKH VWUXFWXUH DQG UHODWLYH ILWQHVV RI WKH SDUHQWV $VVXPH WKDW WKH SDUHQWV DUH
UHSUHVHQWHGE\WZRYHFWRUV Dv DQG Dv WKHLUILWQHVVYDOXHVDUH]DQG]UHVSHFWLYHO\7KHFKLOGLVUHSUHVHQWHGE\ Fv )RUHDFKJHQHFLRIWKHFKLOGWKHIXVLRQFURVVRYHUGRHV
 ,IDL DLWKHQVHWFL DL
 ,IDLDL  WKHQVHWFL DL ZLWKDSUREDELOLW\S ]] ]RUFL DLZLWK
SUREDELOLW\±S





7KH PXWDWLRQ RSHUDWRU LV DSSOLHG IRU HDFK QHZ JHQHUDWHG FKLOG DIWHU FURVVRYHU ,W
ZRUNVE\UDQGRPO\DOWHULQJVRPHJHQHV LQ WKHFKLOG¶VFKURPRVRPH8VXDOO\RQO\D





W\SLFDO PXWDWLRQ IRU ELQDU\ FKURPRVRPHV ELWVWULQJV IOLSV HDFK ELW LQGHSHQGHQWO\
ZLWKDJLYHQSUREDELOLW\LHPXWDWLRQSUREDELOLW\ZKLOHDPXWDWLRQIRUUHDOQXPEHU
FKURPRVRPHV ZRXOG DOWHU WKH YDOXHV RI VRPH JHQHV 0XWDWLRQ RSHUDWRUV IRU UHDO
YDOXHGJHQHWLFDOJRULWKPVZLOOEHGLVFXVVHGODWHULQ6HFWLRQ
6HOHFWLQJ WKH YDULRXV *$ SDUDPHWHUV VXFK DV WKH UHFRPELQDWLRQ UDWH DQG
PXWDWLRQUDWHLVVWLOOPRUHRIDQDUWWKDQDVFLHQFH$W\SLFDOYDOXHEHWZHHQDQG
 &+$37(5*(1(7,&$/*25,7+06
 LV XVHG DV WKH SUREDELOLW\ RI UHFRPELQDWLRQ SU ZKLOH PXWDWLRQ UDWHV SP DUH
QRUPDOO\ EHORZ  )RU VWULQJOLNH FKURPRVRPHV SP LV XVXDOO\ VHW WR DERXW WKH




$IWHU D SUHGHILQHG QXPEHU RI FKLOGUHQ KDYH EHHQ SURGXFHG WKURXJK WKH JHQHWLF
RSHUDWRUVD UHSODFHPHQWRSHUDWLRQ LV UHTXLUHG LQRUGHU WRPRGLI\ WKHROGSRSXODWLRQ
ZLWKWKHQHZJHQHUDWLRQ5HSODFHPHQWFDQEHLPSOHPHQWHGLQDYDULHW\RIZD\V,QWKH
VLPSOHVW *$ IRU H[DPSOH WKH SDUHQWDO SRSXODWLRQ LV FRPSOHWHO\ UHSODFHG ZLWK WKH
RIIVSULQJ7KLVLVNQRZQDVJHQHUDWLRQDOUHSODFHPHQW
7KHUH LV DOVR LQWHUHVW LQ*$VZKHUH FKLOGUHQ KDYH WKH FKDQFH WR FRPSHWHZLWK
VRPHRIWKHSDUHQWLQGLYLGXDOV,QWKHFDVHNQRZQDVLQFUHPHQWDOUHSODFHPHQWDVPDOO









 SUREDELOLVWLFDOO\ GHSHQGLQJ RQ KRZ JRRG WKH RIIVSULQJ DUH FRPSDUHG WR WKH
LQGLYLGXDOVWKH\DUHWRUHSODFH
%HVLGHVZKHQUHSODFLQJDQLQGLYLGXDOFDUHPXVWEHWDNHQWRSUHYHQWDGXSOLFDWH
LQGLYLGXDO IURPHQWHULQJ WKH SRSXODWLRQ$GXSOLFDWH LQGLYLGXDO LV LGHQWLFDO WR VRPH
PHPEHU RI WKH SRSXODWLRQ ,W LV XQGHVLUDEOH EHFDXVH WKH SRSXODWLRQ ZLWK GXSOLFDWH




SUREOHP WKH FDQGLGDWH VROXWLRQV ZRXOG EH PDSSHG LQWR ELWVWULQJV DQG WKHQ
DSSURSULDWH JHQHWLF RSHUDWRUV DUH DSSOLHG 6XFK ELQDU\ *$V KDYH VRPH GUDZEDFNV
ZKHQ DSSOLHG WR SDUDPHWHU RSWLPL]DWLRQ SUREOHPV ZLWK YDULDEOHV RYHU FRQWLQXRXV
GRPDLQV HJ WKH FHOO GLPHQVLRQLQJ SUREOHP ,Q VXFK D SUREOHP HDFK SDUDPHWHU
5($/9$/8('*(1(7,&$/*25,7+06 




+RZHYHUZKHQ WKH SDUDPHWHUV DUH FRQWLQXRXV D YHFWRU RI UHDO QXPEHUV VKRXOG EH
XVHG LQVWHDG RI ELWVWULQJV )RU FRQWLQXRXV SDUDPHWHU RSWLPL]DWLRQ SUREOHPV UHDO
YDOXHG*$VKDYHWKHIROORZLQJDGYDQWDJHVFRPSDUHGWRELQDU\*$VDVREVHUYHG LQ
>+DXSW@
 7KH UHDOYDOXHG *$ KDV D PRUH DFFXUDWH UHSUHVHQWDWLRQ RI WKH FRQWLQXRXV
SDUDPHWHU VLQFH WKH ELQDU\ *$ KDV LWV SUHFLVLRQ OLPLWHG E\ WKH FKURPRVRPH
OHQJWK
 7KH UHDOYDOXHG *$ HYDOXDWHV WKH VROXWLRQV PRUH DFFXUDWHO\ DV WKH REMHFWLYH
IXQFWLRQLVFDOFXODWHGZLWKUHDOSDUDPHWHUV







ORQJHU UHSUHVHQWHGE\ELWVRIV DQGV EXW LQVWHDGE\ UHDO QXPEHUV RYHUZKDWHYHU
UDQJH LV GHHPHG DSSURSULDWH 7KLV GLIIHUHQFH PDNHV WKH JHQHWLF RSHUDWRUV
UHFRPELQDWLRQDQGPXWDWLRQGHVLJQHG IRUELWVWULQJVXQDEOH WREHXVHGGLUHFWO\ IRU
UHDOQXPEHUYHFWRUV ,Q WKLVVHFWLRQZHZLOOSUHVHQWVRPHJHQHWLFRSHUDWRUV WKDWDUH
SDUWLFXODUO\ GHVLJQHG IRU UHDOYDOXHG FKURPRVRPHV 0RUH GLVFXVVLRQV DERXW UHDO
YDOXHG JHQHWLF RSHUDWRUV FDQ EH IRXQG LQ >0LFKDOHZLF] +DXSW DQG
&YHWNRYLü@
$ 5HFRPELQDWLRQ
$VVXPHWKDWWKHSDUHQWVDUHUHSUHVHQWHGE\WZRYHFWRUV Dv DQG Dv 7KHUHDUHVHYHUDOUHFRPELQDWLRQRSHUDWRUVIRUSURGXFLQJWKHFKLOGZKLFKLVUHSUHVHQWHGE\DYHFWRU Fv 
'LVFUHWH UHFRPELQDWLRQ ,Q WKLV FDVH WKH FKLOG¶V JHQH FL ³ ^DL DL` 7KLV
FRUUHVSRQGV WR WKH XQLIRUP FURVVRYHU LQ WKH ELQDU\ FDVH 7KH SUREDELOLW\ RI
FKRRVLQJDLRUDLFRXOGDOVREHVSHFLILHGDVLQWKHIXVLRQFURVVRYHUGHVFULEHG
LQ6XEVHFWLRQ




/LQHDU UHFRPELQDWLRQ 7KH OLQHDU UHFRPELQDWLRQ UHPHGLHV WKH DERYH SUREOHP E\
EOHQGLQJWKHYDOXHVRIWKHSDUHQW¶VHOHPHQWV7KHFKLOGLVJHQHUDWHGE\DSSO\LQJ
DOLQHDUIXQFWLRQLQWKHIRUP
LLL DDF   ¼-+¼= bb b 
ZKHUHbLVDUDQGRPQXPEHU,WFRXOGEHIL[HGIRUDOOWKHHOHPHQWVRUYDU\ZLWK








RXWVLGH WKH UDQJH >/L8L@ ZKHUH/L8L UHSUHVHQW WKH ORZHU ERXQG DQG XSSHU
ERXQGIRUWKHHOHPHQWFLUHVSHFWLYHO\













 7KH SDUDPHWHU b LV GHWHUPLQHG LQ VXFK D ZD\ WKDW WKH DUHD XQGHU WKH
SUREDELOLW\FXUYHIURP WRb MXVWHTXDOV WR WKHFKRVHQ UDQGRPQXPEHUX
LH


























( )LLL DDF   ¼-+¼+¼= bb  






7KH FRPPRQPXWDWLRQ RSHUDWRU IRU WKH ELQDU\ FDVHZKHUH RQO\ RQH RU WZR ELWV DUH
IOLSSHG FDQ QRW EH XVHG IRU UHDOYDOXHG FKURPRVRPHV EHFDXVH WKH FRQFHSW RI











DW WKH EHJLQQLQJ LV WR PDNH ODUJH MXPSV ZKHUHDV ODWHU RQ DV WKH VHDUFK














ZKHUH W LV WKH JHQHUDWLRQ QXPEHU$JDLQ/L DQG8L DUH WKH ORZHU ERXQG DQG
XSSHUERXQGRIDLUHVSHFWLYHO\dW[LVDQH[SRQHQWLDOIXQFWLRQZKLFKUHWXUQV
DYDOXH LQ WKH UDQJH >[@ VXFK WKDW WKHSUREDELOLW\RIdW[ EHLQJFORVH WR
LQFUHDVHVDVWLQFUHDVHV7KLVSURSHUW\FDXVHVWKHPXWDWLRQRSHUDWRUWRVHDUFKWKH









7KH DSSOLFDWLRQ RI *$V WR PXOWLREMHFWLYH RSWLPL]DWLRQ VHHPV D ORJLFDO QH[W VWHS
(DUO\LQWKHLUGHYHORSPHQWLWZDVUHFRJQL]HGWKDW*$VFRXOGEHSRVVLEO\ZHOOVXLWHG
WR PXOWLREMHFWLYH RSWLPL]DWLRQ EHFDXVH RI WKHLU DELOLW\ WR FDSWXUH PXOWLSOH 3DUHWR
RSWLPDO VROXWLRQV LQ D VLQJOH UXQ DQG WR H[SORLW VLPLODULWLHV RI VROXWLRQV E\
UHFRPELQDWLRQ 6RPH UHVHDUFKHUV VXJJHVW WKDW PXOWLREMHFWLYH RSWLPL]DWLRQ DQG
GHFLVLRQ PDNLQJ PLJKW EH DQ DSSOLFDWLRQ DUHD ZKHUH *$V GR EHWWHU WKDQ RWKHU
RSWLPL]DWLRQDOJRULWKPV>=LW]OHUD@
7KH ILUVW SUDFWLFDO *$EDVHG DOJRULWKP IRU PXOWLREMHFWLYH RSWLPL]DWLRQ ZDV
SUHVHQWHG E\ >6FKDIIHU@ 7KHUHDIWHU D IHZ GLIIHUHQW LPSOHPHQWDWLRQV RI
02*$VZHUHSURSRVHGVXFKDV>)RQVHFD@>+RUQ@>6ULQLYDV@DQG
>=LW]OHUE@7KHVHDSSURDFKHVZHUHVXFFHVVIXOO\DSSOLHGWRYDULRXV023VDQGWR
UHDOZRUOG HQJLQHHULQJ GHVLJQ SUREOHPV :LWK WKH GHYHORSPHQW RI PDQ\ QHZ
DOJRULWKPVDQGQXPHURXVDSSOLFDWLRQVVRPHUHVHDUFKHUVKDYHDWWHPSWHGWRVXPPDUL]H




7KHPRVW LPSRUWDQW LV WKHSRSXODWLRQEDVHGVHDUFKPHFKDQLVP0XOWLSOH LQGLYLGXDOV
FDQ VHDUFK IRU PXOWLSOH VROXWLRQV LQ SDUDOOHO $GGLWLRQDOO\ WKH DELOLW\ WR KDQGOH
FRPSOH[SUREOHPVLQYROYLQJIHDWXUHVVXFKDVGLVFRQWLQXLWLHVPXOWLPRGDOLW\GLVMRLQW










,Q RUGHU WR KDQGOH WKH DERYH SUREOHPV PDQ\ GLIIHUHQW PXOWLREMHFWLYH VHDUFK
WHFKQLTXHVKDYHEHHQSURSRVHG7KLVUHVXOWVLQGLIIHUHQWLPSOHPHQWDWLRQVRI02*$V
,Q WKH IROORZLQJ ZH ZLOO GLVFXVV WKH PRVW SRSXODU PHWKRGV IRU ILWQHVV DVVLJQPHQW
DOVRVHOHFWLRQDQGWHFKQLTXHVIRUPDLQWDLQLQJWKHSRSXODWLRQGLYHUVLW\
$ 3DUHWREDVHGILWQHVVDVVLJQPHQWDQGVHOHFWLRQ
$VPHQWLRQHG LQ6XEVHFWLRQ  ILWQHVV LV XQGHUVWRRG DV UHSURGXFWLRQ SUREDELOLW\
LH WKHQXPEHURIRIIVSULQJ DQ LQGLYLGXDO LV H[SHFWHG WR SURGXFH WKURXJK VHOHFWLRQ
$OVR LQ 6XEVHFWLRQ  ILWQHVV DVVLJQPHQW IRU VLQJOH REMHFWLYH RSWLPL]DWLRQ LV
FRQVLGHUHGDQGWZRW\SHVRIILWQHVVDVVLJQPHQWDSSURDFKHVVFDOLQJDQGUDQNLQJDUH








LQGLYLGXDOV LV LGHQWLILHG DQG DVVLJQHG UDQN  DQG DOVR UHPRYHG 7KLV SURFHVV
FRQWLQXHV XQWLO DOOPHPEHUV RI WKH SRSXODWLRQ DUH UDQNHG )LQDOO\ WKH ILWQHVV RI DQ
LQGLYLGXDOLVDVVLJQHGDFFRUGLQJWRLWVUDQN
7KLV LGHD KDV EHHQ WDNHQ XS E\ PDQ\ UHVHDUFKHUV UHVXOWLQJ LQ VHYHUDO 3DUHWR
EDVHGDSSURDFKHVIRUILWQHVVDVVLJQPHQWDQGVHOHFWLRQ6ULQLYDVDQG'HELPSOHPHQWHG
*ROGEHUJ¶V LGHD PRVW GLUHFWO\ >6ULQLYDV@ ,Q WKHLU QRQGRPLQDWHG VRUWLQJ
JHQHWLF DOJRULWKP 16*$ WKH DERYH 3DUHWR UDQNLQJ SURFHGXUH LV XVHG WR VRUW WKH
SRSXODWLRQ DFFRUGLQJ WR WKH LQGLYLGXDO¶V UDQN 7KH LQGLYLGXDOV ZLWK WKH VDPH UDQN
FRQVWLWXWHD WUDGHRII IURQW)RUHDFK IURQW ILWQHVV VKDULQJ LVSHUIRUPHGVHSDUDWHO\ LQ
RUGHU WRPDLQWDLQ SRSXODWLRQ GLYHUVLW\ )LWQHVV VKDULQJ WHFKQLTXHVZLOO EH GLVFXVVHG
ODWHULQWKLVVHFWLRQ
)RQVHFDDQG)OHPLQJ LPSOHPHQWHG*ROGEHUJ¶VVXJJHVWLRQ LQDVOLJKWO\GLIIHUHQW
ZD\ >)RQVHFD@ ZKHUHE\ WKH SRSXODWLRQ LV UDQNHG DFFRUGLQJ WKH ³GHJUHH RI
GRPLQDWLRQ´$QLQGLYLGXDO¶VUDQNGHSHQGVRQKRZPDQ\LQGLYLGXDOVGRPLQDWHLW$OO
QRQGRPLQDWHG LQGLYLGXDOV DUH WKHUHIRUH DVVLJQHG UDQN ZKLOH GRPLQDWHG RQHV DUH
 &+$37(5*(1(7,&$/*25,7+06
SHQDOL]HG  WKHPRUHPHPEHUV RI WKH FXUUHQW SRSXODWLRQ WKDW GRPLQDWH D SDUWLFXODU
LQGLYLGXDO WKH ORZHU LV LWV UDQN 7KLV UDQNLQJ VFKHPH LV PRUH ILQHJUDLQHG WKDQ
*ROGEHUJ¶VEHFDXVHLWFDQGLVWLQJXLVKPRUHUDQNV
+RUQ 1DISOLRWLV DQG *ROGEHUJ LPSOHPHQWHG D VHOHFWLRQ PHWKRG UDWKHU WKDQ
ILWQHVV DVVLJQPHQW XVLQJ D 3DUHWR GRPLQDWLRQ WRXUQDPHQW >+RUQ@ 7ZR
UDQGRPO\VHOHFWHGFRPSHWLWRUVDUHFRPSDUHGZLWKDVDPSOHRIWKHFXUUHQWSRSXODWLRQ
,I RQH RI WKH FRPSHWLWRUV LV GRPLQDWHG E\ D PHPEHU RI WKH VDPSOH DQG WKH RWKHU
FRPSHWLWRULVQRWGRPLQDWHGWKHQWKHQRQGRPLQDWHGLQGLYLGXDOZLQVWKHWRXUQDPHQW
,IERWKRUQHLWKHUDUHGRPLQDWHGWKHQILWQHVVVKDULQJLVXVHGWRGHWHUPLQHWKHZLQQHU
7KH 3DUHWR GRPLQDWLRQ WRXUQDPHQW FDQ EH VHHQ DV D ORFDOO\ FDOFXODWHG VWRFKDVWLF
DSSUR[LPDWLRQ WR )RQVHFD DQG )OHPLQJ¶V JOREDOO\ FDOFXODWHG GHJUHHRIGRPLQDWLRQ
UDQNLQJ
% )LWQHVVVKDULQJ
0DLQWDLQLQJDGLYHUVHSRSXODWLRQ LV FUXFLDO IRU WKH HIILFLHQF\RI DQ02*$)LWQHVV
VKDULQJ LV WKH PRVW IUHTXHQWO\ XVHG WHFKQLTXH DLPV DW SURPRWLQJ DQG PDLQWDLQLQJ
PXOWLSOH VXESRSXODWLRQV FDOOHG QLFKHV LQ WKH OLWHUDWXUH DORQJ WKH 3DUHWR RSWLPDO











































 )LWQHVVVKDULQJLQLQGLYLGXDOVSDFHGLM __ LDv ± MDv __
 )LWQHVVVKDULQJLQGHFLVLRQVSDFHGLM __ L[v ± M[v __
 )LWQHVVVKDULQJLQREMHFWLYHVSDFHGLM __ L\v ± M\v __
ZKHUH__¼__GHQRWHVDQDSSURSULDWHGLVWDQFHPHWULF
& 3DUHWRVWUHQJWKDQGHOLWLVP
=LW]OHU DQG7KLHOH KDYH UHFHQWO\ VXJJHVWHG DPXOWLREMHFWLYH RSWLPL]DWLRQ DOJRULWKP
>=LW]OHUE@ FDOOHG VWUHQJWK 3DUHWR HYROXWLRQDU\ DOJRULWKP 63($ 7KH ILWQHVV
DVVLJQPHQW RI 63($ LV DOVR EDVHG RQ WKH FRQFHSW RI 3DUHWR GRPLQDQFH EXW UDWKHU
WKDQ UDQNLQJ LW DVVLJQV ILWQHVV DFFRUGLQJ WR WKH VRFDOOHG 3DUHWR VWUHQJWK RI QRQ
GRPLQDWHG LQGLYLGXDOV 7KH 3DUHWR VWUHQJWK RI DQ LQGLYLGXDO LV SURSRUWLRQDO WR WKH
QXPEHURILQGLYLGXDOVLWGRPLQDWHV












7KH ILWQHVV RI LDv  LV HTXDO WR LWV VWUHQJWK LH ]L   VL 2EYLRXVO\   ]L   IRU DOO
LDv ³ G3 +HUH WKHPLQLPL]DWLRQ RI ILWQHVV LV GHVLUHG  VPDOOHU ILWQHVV YDOXH KLJKHUUHSURGXFWLRQ SUREDELOLW\ 7KH ILWQHVV RI DQ LQGLYLGXDO Dv M ³ 3G LV FDOFXODWHG E\
VXPPLQJWKHVWUHQJWKVRIDOOWKHLQGLYLGXDOV LDv ³ G3 E\ZKLFK Dv MLVGRPLQDWHG2QHLV DGGHG WR WKH VXPVXFK WKDW ]M !  JXDUDQWHHLQJ WKDWPHPEHUV RI G3  KDYH EHWWHUILWQHVVWKDQPHPEHUVRI3G
Ê¾³+= MLGL DD3D LM V] vfvv   
7KLVILWQHVVDVVLJQPHQWHQVXUHVWKDWWKHVHDUFKLVGLUHFWHGWRZDUGVWKHQRQGRPLQDWHG
VROXWLRQV DQG VLPXOWDQHRXVO\ GLYHUVLW\ DPRQJ GRPLQDWHG DQG QRQGRPLQDWHG
VROXWLRQVDUHPDLQWDLQHG
 &+$37(5*(1(7,&$/*25,7+06
=LW]OHU DQG 7KLHOH DOVR VXJJHVWHG PDLQWDLQLQJ DQ H[WHUQDO SRSXODWLRQ DW HYHU\
JHQHUDWLRQ VWRULQJ DOO QRQGRPLQDWHG VROXWLRQV GLVFRYHUHG VR IDU 7KLV H[WHUQDO











7KH RULJLQDO QRQGRPLQDWHG VRUWLQJ JHQHWLF DOJRULWKP 16*$ ZDV SURSRVHG E\
6ULQLYDVDQG'HELQ>6ULQLYDV@7KLVDOJRULWKPFRPSULVHVWZRPDLQSURFHGXUHV
$3DUHWRUDQNLQJSURFHGXUHLVXVHGWRHPSKDVL]HWKHQRQGRPLQDWHGLQGLYLGXDOVDQGD
ILWQHVV VKDULQJ SURFHGXUH LV XVHG WRPDLQWDLQ GLYHUVLW\ LQ WKH SRSXODWLRQ /DWHU RQ
PRWLYDWHGE\LPSURYLQJWKHRULJLQDO16*$>'HED@SURSRVHGDQHZYHUVLRQRI
16*$FDOOHG16*$,,ZKLFKGLIIHUVIURPWKHROGYHUVLRQLQWKUHHDVSHFWV)LUVWWKH
QHZ QRQGRPLQDWHG VRUWLQJ SURFHGXUH LV PXFK IDVWHU 6HFRQG 16*$,, XVHV D





DFFRUGLQJ WR WKH OHYHO RI QRQGRPLQDWLRQ LV 2P. ZKHUH P LV WKH QXPEHU RI
REMHFWLYHV>'HED@,QFDVHRIODUJHSRSXODWLRQVL]HVLWLVYHU\WLPHFRQVXPLQJ
$OJRULWKP  JLYHV D IDVW QRQGRPLQDWHG VRUWLQJ DSSURDFKZKLFK UHTXLUHV DWPRVW
2P.FRPSXWDWLRQV
7ZRHQWLWLHVDUHXVHGWRPHDVXUHWKHGRPLQDQFHVWDWXVIRUHDFKVROXWLRQ LDv LQLWKHQXPEHURIVROXWLRQVZKLFKGRPLQDWH LDv DQGLL'LDVHWRIVROXWLRQVZKLFKDUHGRPLQDWHGE\ LDv 7KHFDOFXODWLRQRIWKHVHWZRHQWLWLHVUHTXLUHV2P.FRPSDULVRQV$OOVROXWLRQVZLWKQL DUHSXWLQDOLVW)FDOOHGWKHFXUUHQWIURQW)RUHDFKVROXWLRQ
LDv  LQ WKH FXUUHQW IURQW HDFKPHPEHU Dv M RI'L LH WKHGRPLQDWHG VROXWLRQRI LDv  LVPRGLILHGE\UHGXFLQJLWVQMFRXQWE\RQH,IQM IRUDQ\PHPEHU Dv MLWZLOOEHSXWLQ
D VHSDUDWH OLVW+:KHQ DOOPHPEHUV RI WKH FXUUHQW IURQW KDYH EHHQ FKHFNHG) LV
GHFODUHGDVWKHILUVWQRQGRPLQDWHGIURQWDQGWKHSURFHVVFRQWLQXHVXVLQJWKHQHZO\
08/7,2%-(&7,9(*(1(7,&$/*25,7+06 









)RUHDFK LDv ³3GR 6HWQL DQG'L «
 )RUHDFK Dv M³3GR





 )RUHDFK LDv ³)UGR)RUHDFK Dv M³'LGR
D QM QM–
E ,IQM WKHQ+ +­^ Dv M`
 /HWU UDQG)U +
% &URZGHGFRPSDULVRQRSHUDWRU
7UDGLWLRQDO DSSURDFKHV RI PDLQWDLQLQJ GLYHUVLW\ LQ D SRSXODWLRQ DUH EDVHG RQ WKH
FRQFHSW RI ILWQHVV VKDULQJ ZKLFK UHTXLUHV D SUHVSHFLILHG SDUDPHWHU sVKDUH 7KH
SHUIRUPDQFHRI VRPH02*$V LVYHU\ VHQVLWLYH WR WKLVSDUDPHWHU ,QRUGHU WR DYRLG
WKLVGLIILFXOW\>'HED@SURSRVHGDFURZGHGFRPSDULVRQPHWKRGZKHUHWKHORFDO
GHQVLW\RIDSDUWLFXODU VROXWLRQ LVPHDVXUHGE\ WKHGLVWDQFHEHWZHHQ LWVQHLJKERULQJ
VROXWLRQVDORQJHDFKRIWKHREMHFWLYHV7KLVGLVWDQFHLVGHILQHGDVFURZGLQJGLVWDQFH
$V VKRZQ LQ )LJXUH  WKH FURZGLQJ GLVWDQFH RI WKH LWK VROXWLRQ UHSUHVHQWHG E\




7KH FURZGHG FRPSDULVRQ RSHUDWRU XVHV WZR FULWHULD WR FRPSDUH GLIIHUHQW







,W LV ZHOO HVWDEOLVKHG WKURXJK D QXPEHU RI VWXGLHV WKDW HOLWLVP FDQ LPSURYH WKH
SHUIRUPDQFH RI *$V +RZHYHU WKH LPSOHPHQWDWLRQ RI HOLWLVP LQ 02*$V LV
VXEVWDQWLDOO\PRUHFRPSOH[,QWKHFRQWH[WRIPXOWLREMHFWLYHRSWLPL]DWLRQWKHUHLVDQ
HOLWHVHWLQVWHDGRIRQHEHVWLQGLYLGXDOLQVLQJOHREMHFWLYHRSWLPL]DWLRQ$OOVROXWLRQV
WKDW EHORQJ WR WKH FXUUHQW QRQGRPLQDWHG IURQW DUH EHVW VROXWLRQV LQ WKH SRSXODWLRQ






HDFK IURQW D SUHGHILQHG QXPEHU RI LQGLYLGXDOV DUH PDLQWDLQHG +HUH D JHRPHWULF
GLVWULEXWLRQRIWKHIURQWVL]HLVXVHG










UHGXFWLRQ UDWH   r   $VVXPH WKDW WKH HOLWLVW SRSXODWLRQ VL]H LV . DQG WKH





-¼= U5U .Q rr
r  
6LQFH r   HDFK IURQW LV UHVWULFWHG WR KDYH DQ H[SRQHQWLDOO\ UHGXFLQJ QXPEHU RI
VROXWLRQV 7KH ILUVW IURQW ZKLFK FRPSULVHV WKH FXUUHQW QRQGRPLQDWHG VROXWLRQV LV
ODUJHVW
7KLVFRQWUROOHGHOLWLVPDSSURDFKDOORZV VROXWLRQV IURPPDQ\GLIIHUHQW IURQWV WR
FRH[LVW LQ WKHSRSXODWLRQPDNLQJ WKHUHFRPELQDWLRQRSHUDWRUDEOH WRFUHDWHGLYHUVH
VROXWLRQV7KLVLVDQLPSRUWDQWIHDWXUHIRUSUHYHQWLQJSUHPDWXUHFRQYHUJHQFH
7KHHOLWLVWQRQGRPLQDWHGVRUWLQJJHQHWLFDOJRULWKPLVGHVFULEHGLQ$OJRULWKP
7KLV DOJRULWKP LV EDVHG RQ WKH VWUXFWXUH RI $OJRULWKP  6RPH VWHSV HJ










































PXOWLREMHFWLYH SUREOHP $ GHFLVLRQ PXVW EH PDGH DPRQJ PXOWLSOH WUDGHRIIV 7KH
FKRLFH RI D VXLWDEOH VROXWLRQ GHSHQGV QRW RQO\ RQ WKH SUREOHP LWVHOI EXW DOVR WKH










,QWHJUDWHG VHDUFK DQG GHFLVLRQPDNLQJ 6HDUFK DQG GHFLVLRQPDNLQJ ZRUN LQ DQ
LQWHUDFWLYH PDQQHU $ SUHOLPLQDU\ VHDUFK LV SHUIRUPHG WR JLYH WKH GHFLVLRQ
PDNHU  VRPH LGHDRI WKH UDQJHRISRVVLEOH WUDGHRIIV7KHGHFLVLRQPDNHU WKHQ
JLYHVVRPHSUHIHUHQFHLQIRUPDWLRQWRJXLGHWKHVHDUFKZKLFKLQWXUQSUHVHQWV
IXUWKHU VROXWLRQV WR WKH GHFLVLRQ PDNHU 7KH LQWHUDFWLYH SURFHVV EHWZHHQ WKH
08/7,2%-(&7,9(*(1(7,&$/*25,7+06 
GHFLVLRQ PDNHU DQG RSWLPL]DWLRQ DOJRULWKP FRQWLQXHV XQWLO D VDWLVIDFWRU\
VROXWLRQLVIRXQG
7KH FODVVLFDO PXOWLREMHFWLYH RSWLPL]DWLRQ PHWKRGV EHORQJ WR GHFLVLRQ PDNLQJ










7KH LQWHJUDWLRQ RI VHDUFK DQG GHFLVLRQPDNLQJ RYHUFRPHV WKH ZHDNQHVV RI WKH
RWKHU WZR DSSURDFKHV DQG FRPELQHV WKH VWUHQJWK RI ERWK ,QWHUDFWLYHO\ UHILQLQJ
SUHIHUHQFHV KDV WKH SRWHQWLDO DGYDQWDJH RI UHGXFLQJ FRPSXWDWLRQDO HIIRUW E\
FRQFHQWUDWLQJ WKH VHDUFK LQ WKH LQWHUHVWLQJ DUHD IURPZKLFK SURPLVLQJ VROXWLRQV DUH
PRUH OLNHO\ WR HPHUJH ZKLOH VLPXOWDQHRXVO\ SURYLGLQJ WKH GHFLVLRQ PDNHU ZLWK
XSGDWHGWUDGHRIIVROXWLRQVWKHUHE\UHILQHGGHFLVLRQFDQEHPDGH





XVLQJ D PRGLILHG PXOWLREMHFWLYH UDQNLQJ VFKHPH WKDW WDNHV DFFRXQW RI WKH
LQGLYLGXDO¶VGLVWDQFHWRWKHWDUJHW
,Q WKLV ZRUN ZH XVH DQ DSSURDFK EDVHG RQ WKH SULQFLSOH RI JRDO DWWDLQPHQW
5DWKHU WKDQD WDUJHWSRLQW D WDUJHW UHJLRQ LVGHILQHGE\ VSHFLI\LQJ WKH ORZHUERXQG
DQGXSSHU ERXQG IRU HDFK RI WKH REMHFWLYH IXQFWLRQV7KH WDUJHW UHJLRQ LV XVXDOO\ D







GHWDLOHG DQDO\VLV RI*$V DLPLQJ DW GHVLJQLQJ D SDUWLFXODU DOJRULWKP IRU VROYLQJ DQ
 &+$37(5*(1(7,&$/*25,7+06
DSSOLFDWLRQSUREOHP*$VDUHDEOHWRWDFNOHFRPSOH[SUREOHPVZLWKIHDWXUHVVXFKDV
PL[HG YDULDEOHV DQG LOOGHILQHG REMHFWLYH IXQFWLRQZKLFK DUH GLIILFXOW WR KDQGOH E\
RWKHURSWLPL]DWLRQWHFKQLTXHV
,WLVDUJXHGWKDWUHDOYDOXHG*$VDUHVXSHULRUWRWKHFRQYHQWLRQDOELQDU\*$VIRU
FRQWLQXRXV SDUDPHWHU RSWLPL]DWLRQ SUREOHPV ,Q UHDOYDOXHG *$V SDUDPHWHUV DUH
UHSUHVHQWHG E\ UHDO QXPEHUV LQVWHDG RI ELWVWULQJV 7KLV PDNHV WKH ELWVWULQJ EDVHG
JHQHWLF RSHUDWRUV UHFRPELQDWLRQ DQG PXWDWLRQ QRW DSSOLFDEOH WR UHDOYDOXHG *$V





DQG FRQWUROOHG HOLWLVP WHFKQLTXHV 0RUHRYHU DQ DSSURDFK KDV EHHQ SURSRVHG IRU







DQG WR LQYHVWLJDWH JHQHWLF DOJRULWKPV HVSHFLDOO\ WKH QRQGRPLQDWHG VRUWLQJ JHQHWLF
DOJRULWKP16*$7KHVRFDOOHGGLVNJUDSKPRGHO'*0LVXVHGIRUWKLVSXUSRVH
)LUVWDVKRUWLQWURGXFWLRQWR'*0LVJLYHQ WKHQWKHORFDODQGJOREDOFRQGLWLRQVDUH
IRUPXODWHG IRU '*0V $IWHUZDUGV WKH '*0 LV XVHG WR VWXG\ WKH FHOO VHOHFWLRQ
SUREOHPLQ6HFWLRQZKHUH16*$LVDOVRLQYHVWLJDWHG6HFWLRQJLYHVDPRGHO
IRU FHOO GLPHQVLRQLQJ 6LPXODWLRQV DUH PDGH XVLQJ 16*$ ZLWK WZR GLIIHUHQW
UHSUHVHQWDWLRQ VFKHPHV ELWVWULQJV DQG LQWHJHU YHFWRUV )LQDOO\ WKH %6 SODFHPHQW











SUR[LPLW\ PRGHO EXW WKH\ FDQ EH HDVLO\ WUDQVIRUPHG WR DQ LQWHUVHFWLRQ PRGHO
>&ODUN@7KHUHIRUHZHFRQVLGHURQO\WKHLQWHUVHFWLRQPRGHORIGLVNJUDSKVZKDW
IROORZV
8QLW GLVN JUDSKV DUH D QDUURZ FODVV RI JUDSKV 7KH\ KDYH VRPH VSHFLDO
FKDUDFWHULVWLFV GXH WR WKH HTXLYDOHQW FLUFOH VL]H$GLVN JUDSK LV D JHQHUDOL]DWLRQ RI
XQLW GLVN JUDSK LQ ZKLFK WKH FLUFOHV DUH QRW QHFHVVDU\ HTXDOVL]HG 3RWHQWLDO
DSSOLFDWLRQV RI GLVN JUDSKV WR FHOOXODU V\VWHP GHVLJQ ZDV ILUVW UHFRJQL]HG E\
 &+$37(5',6.*5$3+02'(/6
>+DOH@ ZKHUH GLVN JUDSKV ZHUH XVHG WR UHSUHVHQW IUHTXHQF\ DVVLJQPHQW
SUREOHPV)$3V,QWKLVZRUNZHXVH'*0VWRVWXG\FHOOSODQQLQJSUREOHPV
)LJXUH $Q LQWHUVHFWLRQ PRGHO RI HTXDOVL]HG FLUFOHV DQG WKH FRUUHVSRQGLQJ XQLW
GLVNJUDSK7angent circles intersect each other, e.g., circle 2 and 6.















7KXV WKH FHOOXODU V\VWHP FDQ EH GHVFULEHG XVLQJ D '*0 )XUWKHUPRUH LI DOO WKH
WUDQVPLWWHUV KDYH HTXDO WUDQVPLWWHG SRZHU DQG WKH DQWHQQD JDLQV DUH WKH VDPH WKH
FHOOV EHFRPH HTXDOVL]HG DV WKHLU UDGLL DUH LGHQWLFDO 7KH FHOOXODU V\VWHP LV WKHQ
VLPSOLILHGDVDXQLWGLVNJUDSKPRGHO8'*0
$FWXDOO\ WKH '*0 UHSUHVHQWV DQ LGHDO FHOOXODU V\VWHP ZKHUH IODW WHUUDLQ DQG
XQLIRUP WUDIILFGLVWULEXWLRQ DUH DVVXPHG7KXV QR FRPSXWDWLRQRI WKH ILHOG VWUHQJWK
DQGWUDIILFFRYHUDJHLVQHHGHG7KHFRPSXWDWLRQDOWLPHFDQEHVLJQLILFDQWO\UHGXFHG
+HUH'*0V DUH XVHG WR VWXG\ FHOO SODQQLQJ SUREOHPV LQFOXGLQJ FHOO VHOHFWLRQ FHOO
GLPHQVLRQLQJ DQG %6 SODFHPHQW *URZWK SODQQLQJ LV QRW FRQVLGHUHG EHFDXVH QR










FRPSOH[LW\RI WKHSUREOHPV LVVWLOO WKHVDPH7KHUHIRUH WKH DOJRULWKPVGHVLJQHG IRU
'*0VDUHDOVRDSSOLFDEOHWRUHDOSODQQLQJSUREOHPV
 )RUPXODWLRQ










LI  LLLLFRY U\\[[F\[3 
$SRLQW[\LVVDLGWREHFRYHUHGE\DFHOOFLLILWVGLVWDQFHWRWKHFHQWHURIWKHFLUFOH
LVQRWODUJHUWKDQWKHUDGLXV)XUWKHUPRUHZHDVVXPHWKDWWKHDVVLJQPHQWSUREDELOLW\
LVDOZD\VLH3DVV[\FL+HUH WKHSUREDELOLVWLFPRGHO LVQRWXVHG7KXV WKH
FRYHUDJHRIFLLVMXVWWKHFLUFOHDUHDVL]H




ORDG ZLWKLQ D FHOO PXVW EH OHVV WKDQ VRPH PD[LPXP YDOXH FRUUHVSRQGLQJ WR WKH
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GHILQHG RQ WKH '*0 FRYHUDJH UDWH VSHFWUDO FRVW DQG ILQDQFLDO FRVW +HUH ZH


















WKDW D SRLQW [ \ LV FRQVLGHUHG WR EH FRYHUHG LI DQG RQO\ LI WKHUH LV D FHOO FL³&
FRYHULQJLW
,Q 6XEVHFWLRQ  ZH GLVFXVVHG WKH VSHFWUDO FRVW LQ GHWDLO ,Q '*0V WKH
VSHFWUDO FRVW RI D FHOO VHW & LV FDOFXODWHG E\ ILQGLQJ WKH PD[LPXP FOLTXH LQ WKH
FRUUHVSRQGLQJGLVNJUDSK,WLVJLYHQE\


























)LJXUH +H[DJRQDO GLVWULEXWLRQ RI HTXDOVL]HG FHOOV 7KLV LV JHQHUDOO\
DFNQRZOHGJHGWREHWKHRSWLPXP
 &+$37(5',6.*5$3+02'(/6








1XPHULFDO VLPXODWLRQV RI WHVW SUREOHP  ZHUH PDGH XVLQJ WKH HOLWLVW 16*$ VHH














3DUHWR RSWLPDO VROXWLRQV DIWHU UXQQLQJ D QXPEHU RI JHQHUDWLRQV DUH VKRZQ LQ
)LJXUH7KH LQLWLDOSRSXODWLRQ LV UDQGRPO\JHQHUDWHG$W WKHEHJLQQLQJ WKHUH DUH
RQO\ D IHZ QRQGRPLQDWHG VROXWLRQV ZKLFK FRQVWLWXWH D QRQGRPLQDWHG IURQW WKH
VKRUW FXUYH LQ )LJXUH  2QH RI WKH LQLWLDO QRQGRPLQDWHG VROXWLRQV LV VKRZQ LQ
)LJXUH D ZKHUH  FHOOV DUH XVHG DQG WKH FRYHUDJH UDWH LV  $IWHU 
JHQHUDWLRQVPDQ\PRUH QRQGRPLQDWHG VROXWLRQV DUH IRXQG DQG WKH QRQGRPLQDWHG





FHOOV2EVHUYH WKHKLVWRU\ IURP WKHEHJLQQLQJ WR JHQHUDWLRQZHFDQ FOHDUO\ VHH
WKDWWKHVHDUFKLVGLUHFWHGWRZDUGVWKHJOREDO3DUHWRRSWLPDOVHW$VVKRZQLQ)LJXUH
G WKH VROXWLRQ REWDLQHG DIWHU  JHQHUDWLRQV LV YHU\ FORVH WR WKH KH[DJRQDO





























)XUWKHUPRUH WKH 16*$ LV LQYHVWLJDWHG LQ FRPSDULVRQZLWK D VLQJOH REMHFWLYH *$





5HVXOWVRI WKHVLQJOHREMHFWLYH*$DUHREWDLQHGXVLQJ WKH FRQVWUDLQWPHWKRGDV
GHVFULEHGLQ6XEVHFWLRQ(DFKWLPHDFRYHUDJHUDWHFRQVWUDLQWLVVSHFLILHGIURP
WR7KHRSWLPL]DWLRQREMHFWLYHLVWKHQWRPLQLPL]HWKHQXPEHURIFHOOVVHOHFWHG
:HXVH WKH VDPH*$SDUDPHWHUV IRUERWK DOJRULWKPV)RU HDFK GLIIHUHQW FRQVWUDLQW
WKHVLQJOH*$UXQVJHQHUDWLRQVDQG WKHEHVW VROXWLRQZLWKPLQLPXPQXPEHURI
FHOOVLVVKRZQLQWKHILJXUH
7KH FRQVWUDLQW PHWKRG LV YHU\ WLPHFRQVXPLQJ EHFDXVH WKH RSWLPL]DWLRQ
DOJRULWKPKDVWRUXQPDQ\WLPHVLQRUGHUWRJHWGLIIHUHQWVROXWLRQV,QFRQWUDVW16*$





,Q WKH IROORZLQJ ZH XVH WKH '*0 WR VWXG\ WKH 16*$ IURP YDULRXV GHVLJQ




7ZR GLIIHUHQW VHOHFWLRQ PHWKRGV DUH LQYHVWLJDWHG D URXOHWWH ZKHHO VHOHFWLRQ DQG D
ELQDU\WRXUQDPHQWVHOHFWLRQDVGHVFULEHGLQ6XEVHFWLRQ6LPXODWLRQVKDYHEHHQ
SHUIRUPHG IRU DOO WKUHH WHVW SUREOHPV ZLWK ERWK VHOHFWLRQ PHWKRGV 7KH SRSXODWLRQ
VL]HVDUHIRUSUREOHPDQGIRUSUREOHPDQGUHVSHFWLYHO\7KHQXPEHURI
JHQHUDWLRQV LV  IRU DOO WKH VLPXODWLRQV 7KH RWKHU SDUDPHWHUV DUH WKH VDPH DV
EHIRUH 6LPXODWLRQ UHVXOWV DUH VKRZQ LQ )LJXUH  :H FDQ VHH WKDW WKH ELQDU\
WRXUQDPHQWVHOHFWLRQKDVEHWWHUSHUIRUPDQFHWKDQWKHURXOHWWHZKHHOVHOHFWLRQIRUDOO























1RZ ZH FRQVLGHU WKH LQIOXHQFH RI JHQHWLF RSHUDWRUV LQFOXGLQJ PXWDWLRQ DQG
UHFRPELQDWLRQ,QRUGHUWRILQGWKHRSWLPDOPXWDWLRQUDWHSPDQGUHFRPELQDWLRQUDWHSU
IRU16*$ QXPHURXV VLPXODWLRQVZHUHPDGHZLWKSP UDQJLQJ IURP WR  DQGSU
IURP  WR  7KH PXWDWLRQ UDWH LV UHFRJQL]HG WR KDYH D JUHDW LQIOXHQFH RQ WKH
FRQYHUJHQFHFKDUDFWHULVWLFVRI*$V7KLVKDVDOVREHHQREVHUYHGLQRXUVLPXODWLRQV




VWDWHPHQW WKDW WKH RSWLPDO YDOXH RI PXWDWLRQ UDWH LV DERXW WKH LQYHUVH RI WKH
FKURPRVRPHOHQJWK>%lFN@)RUWHVWSUREOHPWKHFKURPRVRPHOHQJWKLV
DVWKHUHDUHSRWHQWLDOFHOOV7KXVSP LVWKHRSWLPXP
&RQFHUQLQJ WKH UHFRPELQDWLRQ UDWH ZH ILQG WKDW LW GRHV QRW KDYH D VLJQLILFDQW
LQIOXHQFHEXWSU RUSHUIRUPVVOLJKWO\EHWWHU)XUWKHUPRUHWKUHHUHFRPELQDWLRQ
RSHUDWRUV SUHVHQWHG LQ 6XEVHFWLRQ  DUH LQYHVWLJDWHG 7KH\ DUH RQHSRLQW
























XVHG )LJXUH  VKRZV WKH VLPXODWLRQ UHVXOWV ,W LV FOHDUO\ VKRZQ WKDW WKH IXVLRQ















































































 )XVLRQFURVVRYHUZLWKSU  0XWDWLRQUDWHSP 1ZKHUH1LVWKHFKURPRVRPHOHQJWK 5HGXFWLRQUDWHRIWKHFRQWUROOHGHOLWLVPr 
)LQDOO\VLPXODWLRQVZHUHPDGHXVLQJ16*$ZLWKWKHDERYHJLYHQSDUDPHWHUVIRU
DWKUHHREMHFWLYHRSWLPL]DWLRQFRYHUDJHUDWHIVSHFWUDOFRVWIDQGILQDQFLDOFRVW




WKHQXPEHURIFHOOV LV IL[HGPRUHFKDQQHOVDUH UHTXLUHG IRU DKLJKHU FRYHUDJH UDWH
:HFDQDOVRVHHWKHUHODWLRQEHWZHHQWKHVSHFWUDOFRVWDQGILQDQFLDOFRVW*HQHUDOO\
PRUHFKDQQHOVDUHUHTXLUHGLIPRUHFHOOVDUHLQXVH
)LJXUH 6LPXODWLRQ UHVXOWV RI WHVW SUREOHP  FRQVLGHULQJ DOO WKH WKUHH REMHFWLYHV






































%RWK ELQDU\ *$ DQG UHDOYDOXHG *$ DV GLVFXVVHG LQ 6HFWLRQ  ZHUH DSSOLHG WR
WKHVHWHVWSUREOHPV
 %LQDU\*$YVUHDOYDOXHG*$
:H ILUVW XVH D ELWVWULQJ FKURPRVRPH WR UHSUHVHQW WKH VROXWLRQ 7KH QXPEHU RI ELWV
UHTXLUHGWRHQFRGHDVROXWLRQLVFDOFXODWHGDV
Î ÞORJ +-= PLQPD[ UU%  
ZKHUHUPLQUPD[DUHWKHORZHUERXQGDQGXSSHUERXQGIRUFHOOUDGLXVUL UHVSHFWLYHO\Î[Þ LV WKHFHLOLQJ IXQFWLRQ WKDWPDNHVD UHDOYDOXH[ WREH URXQGHGXS WR WKH FORVHVW
ODUJHULQWHJHUYDOXH7KXV% ELWVDUHUHTXLUHGIRU WHVWSUREOHPDVWKHUHDUH
SRVVLEOHYDOXHVRIFHOO UDGLXVDQG%  IRU WHVWSUREOHP$FFRUGLQJO\ WKH VWULQJ








EL DU  
 L «1 
,Q FDVH IORDWLQJSRLQWSDUDPHWHUVDUH WREHRSWLPL]HG WKHFRGLQJSURFHGXUH LVPRUH
FRPSOLFDWHGDQGPXFKORQJHUELWVWULQJVDUHQHHGHG
$VDQDOWHUQDWLYHDQLQWHJHUYHFWRULVXVHGWRUHSUHVHQWWKHVROXWLRQLH Dv  D
D« D1 ZLWK DL   UL IRU L   «1 7KHVH WZR UHSUHVHQWDWLRQ PHWKRGV ZHUH
LQYHVWLJDWHG XVLQJ16*$ZLWK WKH VDPH*$ SDUDPHWHUV JLYHQ LQ 7DEOH  $V WR
JHQHWLFRSHUDWRUVZHXVHIXVLRQFURVVRYHUDQGIOLSPXWDWLRQIRU WKHELQDU\*$DQG
VLPXODWHGELQDU\FURVVRYHUDQG*DXVVPXWDWLRQIRUWKHUHDOYDOXHG*$
:H ILUVW PDGH VLPXODWLRQV RI WHVW SUREOHP  5HVXOWV DIWHU UXQQLQJ 






&KDQQHOV &RYHUDJHUDWH &KDQQHOV &RYHUDJHUDWH
   
   
   
   
7DEOH 6LPXODWLRQUHVXOWVRIWHVWSUREOHPXVLQJELQDU\*$DQGUHDOYDOXHG*$
%LQDU\*$ 5HDOYDOXHG*$
&KDQQHOV &RYHUDJHUDWH &KDQQHOV &RYHUDJHUDWH
   
   
   
   
   
   
 &+$37(5',6.*5$3+02'(/6
)XUWKHUPRUHZHDOVRPDGHVLPXODWLRQVRI WHVWSUREOHPXVLQJ16*$ZLWK WKH








%6 SODFHPHQW LV DQ DXWRPDWLF SURFHVV ZKHUH QR SRWHQWLDO FHOOV QHHG WR EH JLYHQ
EHIRUHKDQG7KHDOJRULWKPH[SORUHVDOOWKHSRVVLEOHSODFHVLQWKHJLYHQDUHDLQRUGHU
WRILQGRSWLPDOFHOOVLWHV,QWKHILUVWVWDJHIRUWKHSXUSRVHRIVWXG\LQJDOJRULWKPVDOO
WKH FHOOV DUH DVVXPHG WR EH HTXDOVL]HG VXFK WKDW WKH SUREOHP LV QRW LQWUDFWDEOH
*HQHUDOO\WKH%6SODFHPHQWSUREOHPFDQEHGHVFULEHGDVIROORZV
'HILQLWLRQ %DVHVWDWLRQSODFHPHQW3ODFHFHOOV UHSUHVHQWHGE\& ^FF




DUH JLYHQ 6LQFH %6V FDQ EH ORFDWHG DW DQ\ SODFH LQ WKH DUHD WKH FRPSXWDWLRQDO
FRPSOH[LW\RI%6SODFHPHQWSUREOHPLQFUHDVHVH[SRQHQWLDOO\ZLWKWKHDUHDVL]H)RU
LQVWDQFH WKHUHDUHSRWHQWLDO VLWHV LQDQDUHDRISL[HOVZKHUHDV LQ
FDVHRISL[HOV WKHQXPEHU UDSLGO\ ULVHV WR1RDOJRULWKP LV




IRU WKH ILUVW WLPH >+XDQJF@ ,W VWDUWV IURP D FRXUVH UHVROXWLRQ JULG RI ZKLFK
HDFK SL[HO LV WDNHQ DV D SRWHQWLDO FHOO VLWH $Q RSWLPL]DWLRQ DOJRULWKP LV WKHQ
SHUIRUPHGWRILQGDQRSWLPDOFHOOVHWIURPWKHSRWHQWLDOFHOOV7KHREWDLQHGFHOOVDUH
IXUWKHUXVHGWRVHDUFKSRWHQWLDOFHOOVRQWKHQH[WJULGZLWKDKLJKHUUHVROXWLRQ+HUH
WKHFRYHUDJHRULHQWHGFHOO VSOLWWLQJ WHFKQLTXH LVDSSOLHG VHH6XEVHFWLRQ7KLV
VHDUFK DQG RSWLPL]DWLRQ SURFHVV FRQWLQXHV XQWLO WKH ILQHVW JULG LV UHDFKHG VR WKDW
DFFXUDWH%6SRVLWLRQVFDQEHIRXQG
7KH KLHUDUFKLFDO DSSURDFK FDQ EH LOOXVWUDWHG E\ D S\UDPLG VWUXFWXUH VKRZQ LQ
)LJXUH2QWKHILUVWOHYHODOOSL[HOVDUHWDNHQDVSRWHQWLDOFHOOVLWHVVRPHRIWKHP
%$6(67$7,213/$&(0(1702'(/ 

































LQ)LJXUHD2Q WKHQH[W OHYHO WKH UHVROXWLRQ LV  DQG  SRWHQWLDO FHOOV DUH
JHQHUDWHGDFFRUGLQJWRWKHFHOOV LQ&7KHRSWLPL]DWLRQDOJRULWKPLVH[HFXWHGDJDLQ
DQGDVROXWLRQ&LVWKHQFKRVHQVHH)LJXUHE,WKDVDOVRFHOOVEXWVRPHZKDW





)RU WKH SXUSRVH RI FRPSDULVRQ D QRQKLHUDUFKLFDO VLPXODWLRQ ZDV DOVR PDGH
ZKHUHFHOOVDUHSODFHGRQDJULGZLWKWKHUHVROXWLRQRIRQHFHOOSHUSL[HO7KXVWKHUH
DUH  SRWHQWLDO FHOOV 16*$ LV DSSOLHG DQG WKH VDPH *$ SDUDPHWHUV DUH XVHG
6LPXODWLRQUHVXOWVDUHDOVRVKRZQLQ)LJXUHZKHUHRQO\YDOXHVRIWZRREMHFWLYHV
DUH GLVSOD\HG LQ RUGHU WR PDNH WKH FRPSDULVRQ FOHDU 6LQFH WKHUH LV QR VLJQLILFDQW
GLIIHUHQFH EHWZHHQ WKHLU VSHFWUDO FRVWV ZH MXVW FRQVLGHU WKH FRYHUDJH UDWH DQG WKH
QXPEHURIFHOOVLQWKLVFRPSDULVRQ
7KLV ILJXUH PDNHV LW FOHDU WKDW WKH KLHUDUFKLFDO DSSURDFK DFKLHYHV EHWWHU
SHUIRUPDQFH 7KH UHDVRQ LV WKDW WKH VHDUFK VSDFH LV WRR ODUJH WR EHPDQDJHG LI WKH


















GLIILFXOW LW LV IRU WKH DOJRULWKP WR UHDFK WKH JOREDO RSWLPXP 0RUHRYHU WKH
FRPSXWDWLRQDO WLPH LV XQHQGXUDEOH LI WKH KLHUDUFKLFDO DSSURDFK LV QRW XVHG ,W WDNHV
PRUH WKDQKRXUV IRU WKH DERYHPHQWLRQHGQRQKLHUDUFKLFDO VLPXODWLRQ8VLQJ WKH
KLHUDUFKLFDODSSURDFKKRZHYHUHDFKOHYHOUHTXLUHVDERXWKRXUVQDPHO\KRXUV
LQWRWDO6XSSRVHWKDWZHJRRQHVWHSIXUWKHULHSODFH%6RQDJULGZLWKWKHUHVROXWLRQ




,Q WKLV FKDSWHU'*0VZHUH SUHVHQWHG WR VWXG\ WKH FHOO SODQQLQJ SUREOHP:H ILUVW




WKH JLYHQ WHVW SUREOHPV ,W KDV EHHQ VKRZQ E\ WKH VLPXODWLRQ UHVXOWV WKDW16*$ LV







:H DOVR VWXGLHG WKH FHOO GLPHQVLRQLQJ SUREOHP XVLQJ'*0V %RWK ELQDU\ DQG
UHDOYDOXHG*$VDUHDSSOLHGWRWHVWSUREOHPVDQGVLPXODWLRQUHVXOWVDUHFRPSDUHG,W
LV GHPRQVWUDWHG WKDW IRU FRQWLQXRXV SDUDPHWHU RSWLPL]DWLRQ UHDOYDOXHG *$V DUH
PRUHFRQYHQLHQWDQGPD\DFKLHYHEHWWHUSHUIRUPDQFH
0RUHRYHU D KLHUDUFKLFDO DSSURDFK LV SURSRVHG WR VROYH WKH DXWRPDWLF %6








UHDO GHVLJQ VFHQDULRV 1XPHULFDO H[SHULPHQWV KDYH EHHQ PDGH RQ DOO WKH IRXU FHOO





1XPHULFDO H[SHULPHQWV ZHUH PDGH IRU *60 QHWZRUN SODQQLQJ 7KLV PHDQV WKDW
V\VWHP SHUIRUPDQFH HYDOXDWLRQV DUH EDVHG RQ*60 V\VWHP VSHFLILFDWLRQ+RZHYHU
WKH RSWLPL]DWLRQ VWUDWHJLHV XVHG LQ WKHVH H[SHULPHQWV DUH DOVR DSSOLFDEOH WR RWKHU
V\VWHPV7KHRQO\UHTXLUHPHQWLVWRUHGHILQHWKHREMHFWLYHIXQFWLRQV
:KDWPDNHVWKHIROORZLQJVLPXODWLRQVGLIIHUHQWWRWKRVHSUHVHQWHGLQWKHSUHYLRXV
FKDSWHU LV WKDW UHDOLVWLF GHVLJQ VFHQDULRV DUH FRQVLGHUHG*HRJUDSKLFDO GDWD WKDW DUH
QRW XVHG LQ '*0V SOD\ DQ LPSRUWDQW UROH LQ UHDO SODQQLQJ +HQFH D ZDYH
SURSDJDWLRQPRGHO LV UHTXLUHG IRUSUHGLFWLQJ WKH FHOO FRYHUDJH7KLV VHFWLRQJLYHV D
GHVFULSWLRQ RI WKH VLPXODWLRQ HQYLURQPHQW LQFOXGLQJ JHRJUDSKLFDO GDWD ZDYH





W\SHVXFKDVFLW\ IRUHVWZDWHU DQGVRRQ%HVLGHV WUDIILFGDWDGHVFULEHV WKH WUDIILF
GLVWULEXWLRQLQWKHVHUYLFHDUHD7KHGDWDXVHGLQRXUVLPXODWLRQVDUHVKRZQLQ)LJXUH
ZKLFK DUHSURYLGHGE\/6 WHOFRP$*/LFKWHQDX*HUPDQ\7KLV LV DQ DUHD LQ
6ZLW]HUODQG7KHDUHDVL]HLVNPNPDQGWKHUHVROXWLRQLVPPSHU
SL[HO 7KXV WKHUH DUH    SL[HOV LQ WRWDO )LJXUH D GLVSOD\V WKH
 &+$37(5&(//3/$11,1*(;3(5,0(175(68/76$1'$1$/<6(6
WRSRJUDSKLFDO GDWD DQG)LJXUH E LV WKHPRUSKRORJLFDO GDWD PRUSKR FODVVHV
FDQEHGLVWLQJXLVKHG7KHWUDIILFGDWDDUHVKRZQLQ)LJXUHFZKHUHDQRQXQLIRUP
WUDIILFGLVWULEXWLRQLVLOOXVWUDWHG7RWDOO\WKHUHDUH(UODQJWUDIILF
)LJXUH *HRJUDSKLFDOGDWDXVHGLQFHOOSODQQLQJH[SHULPHQWVThe size of the area
SDUWRI6ZLW]HUODQGis 60 km  60 km and the resolution is 100 m  100 m per pixel.
There are 12 morpho classes. Non-uniform traffic distribution is considered.
 7KHZDYHSURSDJDWLRQPRGHO























,Q RUGHU WR SUHGLFW WKH FHOO FRYHUDJH ILHOG VWUHQJWKPXVW EH ILUVW FDOFXODWHG XVLQJ D




WKLVPRGHO LV FRPSXWDWLRQDOO\ HIILFLHQW  LW WDNHV DERXW  VHFRQGV IRU VXFK DQ DUHD
ZLWKSL[HOVXVLQJDFRPPRQ3&3HQWLXP,,,&38DW0+]DQG



























$ GDWDEDVH KDV EHHQ EXLOW WR PDQDJH WKH LQSXW GDWD DQG RSWLPL]DWLRQ UHVXOWV ,W
FRQVLVWVRIWDEOHV7KHLUUHODWLRQVKLSVDUHVKRZQLQ)LJXUH
)LJXUH 7DEOHVRIWKHGDWDEDVHXVHGLQFHOOSODQQLQJH[SHULPHQWV
7KH VWDWLVWLFV WDEOH WDNHV FDUH RI VWDWLVWLFDO LQIRUPDWLRQ RI WKH RSWLPL]DWLRQ
SURFHVVDQGNHHSVWKHRSWLPL]DWLRQUHVXOWV,WJLYHVWKHV\VWHPLQIRUPDWLRQDERXWWKH
VHUYLFH DUHD VL]H WUDIILF DPRXQW HWF DV ZHOO DV V\VWHP SHUIRUPDQFH VXFK DV WKH
FRYHUDJH UDWH VSHFWUDO FRVW DQG ILQDQFLDO FRVW$OVR LW UHFRUGV KRZPDQ\%6V DUH




RI WKH KXPDQ GHFLVLRQ PDNHU LV DFFHVVLEOH 7KH GHFLVLRQ PDNHU FKRRVHV ZKLFK
DOJRULWKPWRXVHDQGVSHFLILHVFRQVWUDLQWVIRUHDFKRIWKHORFDOFRQGLWLRQVDQGJOREDO
FRQGLWLRQV7KHUHDUHVHYHUDORSWLPL]DWLRQDOJRULWKP WDEOHVDVGLIIHUHQWRSWLPL]DWLRQ




ORDG LQWHUIHUHQFH SUREDELOLW\ DQG IUHTXHQF\ FKDQQHOV XVHG E\ WKH FHOO ,W DOVR
VSHFLILHVZKLFKSURSDJDWLRQPRGHOLVXVHGWRSUHGLFWWKHFHOOFRYHUDJH7KHFHOOVKDSH
LV GHVFULEHG E\ WKUHH UDVWHU GDWD ILHOG VWUHQJWK GDWD FRYHUDJH SUREDELOLW\ GDWD DQG












(DFK FHOO KDV D WUDQVPLWWHU SODFHG DW D FHUWDLQ VLWH ,Q WKH WUDQVPLWWHU WDEOH
SDUDPHWHUVRIHDFKWUDQVPLWWHUDUHJLYHQLQFOXGLQJWKHWUDQVPLWWHGSRZHUIUHTXHQF\
FDEOHDWWHQXDWLRQORVVLQWKHWUDQVPLWWLQJSDWKDVZHOODVLQWKHUHFHLYLQJSDWKDQGVR
RQ 7KH VLWH WDEOH JLYHV JHRJUDSKLFDO LQIRUPDWLRQ DERXW WKH FHOO VLWH VXFK DV WKH
FRRUGLQDWH DQG WKH EXLOGLQJ KHLJKW LI LW H[LVWV $YDLODEOH DQWHQQDV DUH OLVWHG LQ WKH
DQWHQQD WDEOH ZKLFK JLYHV WKH DQWHQQD JDLQ SRODUL]DWLRQ D]LPXWK GRZQWLOW DQG
DQWHQQDGLDJUDP%HVLGHVWKHFRVWVRIWUDQVPLWWHUVVLWHVDQGDQWHQQDVDUHUHWULHYDEOH
E\UHVSHFWLYHWDEOHV
&HOOV EHORQJLQJ WR RQH V\VWHP DUH OLQNHG WR WKH VDPH QHWZRUN UHFRUG 7KH
JHRJUDSKLFDO GDWD WKDW DUH VWRUHG LQ VHSDUDWH ILOHV DUH UHWULHYDEOH E\ WKH
FRUUHVSRQGLQJQHWZRUNUHFRUG,WDOVRJLYHVWKHGHVFULSWLRQRIWKHVHUYLFHDUHDVXFKDV
WKH DUHD VL]H DQG UHVROXWLRQ ,Q FDVH D QRQUHFWDQJXODU DUHD LV LQYROYHG D YHFWRU LV
UHTXLUHG WR GHVFULEH WKH ERUGHU $OVR WKH QHWZRUN WDEOH KDV D OLQN WR WKH V\VWHP
VSHFLILFDWLRQ WDEOH ZKHUH D QXPEHU RI WHFKQLFDO SDUDPHWHUV DUH VSHFLILHG 7KH














D 6LQFH WKH FRQILJXUDWLRQV RI FHOOV DUH XQFKDQJHDEOH LQ FHOO VHOHFWLRQZLWKRXW
 &+$37(5&(//3/$11,1*(;3(5,0(175(68/76$1'$1$/<6(6
































16*$ LV DSSOLHG WR VROYH WKH PXOWLREMHFWLYH RSWLPL]DWLRQ SUREOHP (DFK
VROXWLRQ LV HQFRGHG DV D ELWVWULQJ ZLWK HDFK ELW FRUUHVSRQGLQJ WR D FHOO 7KH *$
SDUDPHWHUVJLYHQLQ7DEOHDUHXVHGEXWQRZWKHPXWDWLRQUDWHSP 'HFLVLRQ
PDNLQJLVGRQHE\DKXPDQGHFLVLRQPDNHUGXULQJ WKHPXOWLREMHFWLYHVHDUFK)LUVW
WKH16*$ LV SHUIRUPHG IRU D IHZ JHQHUDWLRQV  JHQHUDWLRQV LQ WKLV H[SHULPHQW









$ QXPEHU RI QRQGRPLQDWHG 3DUHWR RSWLPDO VROXWLRQV DUH REWDLQHG DV VKRZQ LQ
)LJXUH
)LQDOO\ RQH RI WKH 3DUHWR RSWLPDO VROXWLRQV LV FKRVHQ 2EMHFWLYH VFRUHV RI WKH
6,08/$7,215(68/76$1'$1$/<6(6 
ILQDO VROXWLRQ DUH DV IROORZV5WUI&
   0UHT&
    DQG _&
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   
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FRYHUDJH WKDQ WKH RWKHUV ,W IXOILOV RXU RSWLPL]DWLRQ REMHFWLYHVPD[LPXP FRYHUDJH
UDWHZLWKPLQLPXPFRVW'XH WR WKH ODUJH FRYHUDJHKRZHYHU WKHRYHUODSSLQJDUHDV
EHFRPHODUJHWRR7KLVFRXOGFDXVHKLJKHULQWHUIHUHQFHSUREDELOLW\LQVRPHDUHDVHJ









WKXV7PD[    (UODQJ $VZH VHH LQ 7DEOH  WKH WUDIILF ORDGV IOXFWXDWH IURP
 WR $OWKRXJK WKH WUDIILF ORDG FRQGLWLRQ LV VDWLVILHG IRU DOO WKH FHOOV
VRPHRIWKHPHJFUHTXLUHPXFKPRUHWUDIILFFKDQQHOVWKDQWKHRWKHUV7KLVFRXOG



















7KH WUDIILF FRYHUDJH UDWH5WUI&
 DQG VSHFWUDO FRVW0UHT&
















&RPSDULQJZLWK WKH UHVXOWVRI WKHFHOO VHOHFWLRQ H[SHULPHQW LW LV FOHDUO\ VKRZQ
WKDW EHWWHU VFRUHV DUH DFKLHYHG DIWHU FHOO GLPHQVLRQLQJ 7KH WUDQVPLWWHG SRZHU DQG
RWKHU SHUIRUPDQFH RI WKH VHOHFWHG FHOOV DUH OLVWHG LQ 7DEOH  7KH WUDIILF ORDGV












    
    
    
    
    
    
    
 $XWRPDWLFEDVHVWDWLRQSODFHPHQWDQGGLPHQVLRQLQJ
$XWRPDWLF EDVH VWDWLRQ SODFHPHQW DQG GLPHQVLRQLQJ $%63$' LV D YHU\ KDUG
SUREOHP GXH WR WKH H[SRQHQWLDOO\ H[SDQGLQJ VHDUFK VSDFH ,Q >+XDQJF@ D
KLHUDUFKLFDODSSURDFKZDVSURSRVHG WRVROYH WKLVSUREOHP ,WKDVEHHQGHPRQVWUDWHG
E\ WKH %6 SODFHPHQW VLPXODWLRQ LQ 6HFWLRQ  WKDW WKH KLHUDUFKLFDO DSSURDFK FDQ
HIIHFWLYHO\UHGXFHWKHFRPSXWDWLRQDOWLPH+RZHYHUWKLQJVEHFRPHPRUHFRPSOLFDWHG
LQ UHDOLVWLF GHVLJQ VFHQDULRV 7KXV WKH KLHUDUFKLFDO DSSURDFK LV VRPHZKDW GLIIHUHQW









ILQG D VDWLVIDFWRU\ WUDGHRII VROXWLRQ $IWHUZDUGV FHOO GLPHQVLRQLQJ LV SHUIRUPHG WR

























7KHJHRJUDSKLFDOFRVW LV LQWHJUDWHG LQWR WKH ILQDQFLDO FRVW VXFK WKDW LW FDQ WDNH









F(F(F(\[I(&(   q 
ZKHUH((VLWH(HTDQG(PDUHMXVWWKHVDPHDVGHILQHGLQ[L\LUHSUHVHQWVWKH
VLWH RI FHOO FL qJ LV D WKUHVKROG $ ORFDWLRQ LV UHJDUGHG DV VXLWDEOH IRU D %6 LI LWV
JHRJUDSKLFDOFRVWLVORZHUWKDQqJ
& %UHDGWKILUVWVHDUFK




VLPXODWLRQ ,I UHDO WRSRJUDSK\ LV XVHG KRZHYHU WKLV DSSURDFK FRXOG FDXVH WKH
DXWRPDWLFSURFHVVWREHWUDSSHGLQDORFDORSWLPXPDVWKHDYDLODEOHDUHDIRUFHOOVLWHV
VKULQNV VWHS E\ VWHS (VSHFLDOO\ LQ FDVH D PRXQWDLQRXV DUHD HJ 6ZLW]HUODQG LV
FRQVLGHUHGPRUHDQGPRUH%6VDUHQHHGHGLQRUGHUWRDFKLHYHVDWLVIDFWRU\FRYHUDJH
UDWH:KDWLVHYHQZRUVHLVWKDWWKHVH%6VDUHVLWXDWHGLQFOXVWHUV$VDFRQVHTXHQFH
WKHUH DUH YHU\ ODUJH RYHUODSSLQJ DUHDV EHWZHHQ WKHP DQG WKH UHVXOWLQJ LQWHUIHUHQFH
PDNHVWKLVVROXWLRQLPSUDFWLFDEOH
7R RYHUFRPH WKLV SUREOHP D EDFNZDUG VHDUFK PHWKRG ZDV SURSRVHG LQ
>+XDQJE@7KLVPHWKRGFRQWLQXRXVO\SUHGLFWVWKHSHUIRUPDQFHRIWKHQH[WOHYHO
DQG PHDVXUHV WKH SRVVLELOLW\ RI EHLQJ WUDSSHG LQ D ORFDO RSWLPXP ,I LW VHHPV WR
KDSSHQWKHDOJRULWKPJRHVEDFNZDUGWRH[SORUHQHZSURPLVLQJDUHDVIRUPRUHFHOOV
VR DV WR SUHYHQW WKH DXWRPDWLF SURFHVV IURP VWRSSLQJ DW WKH ORFDO RSWLPD 6XFK D







ZKHUHQ LV D QDWXUDO QXPEHU 7KXV IRU HDFK SDUHQW FHOO WKH QXPEHU RI FKLOG FHOOV
FRXOGEHDQGVRIRUWK%\DGGLQJPRUHSRWHQWLDOFHOOVQHZDUHDVLQWKH
VHDUFKVSDFHZLOOEHH[SORUHGVRDVWRPDNHWKHVHDUFKMXPSRXWRIWKHORFDORSWLPD
,Q WKH IROORZLQJH[SHULPHQW DKLHUDUFKLFDODSSURDFKZLWK WKHEUHDGWKILUVW VHDUFK LV
XVHGZKHUHWKHSDUDPHWHUQVKRXOGEHVSHFLILHGE\WKHGHFLVLRQPDNHUEDVHGRQWKH
WUDGHRIILQIRUPDWLRQREWDLQHG
)LJXUH %UHDGWKILUVW VHDUFKPHWKRGXVHG LQ WKH KLHUDUFKLFDO DSSURDFK LQRUGHU WR
DYRLGORFDORSWLPD
' 6LPXODWLRQUHVXOWV
$ QXPHULFDO H[SHULPHQW ZDVPDGH IRU $%63$' 7KH JHRJUDSKLFDO GDWD VKRZQ LQ
)LJXUHLVXVHG7KHJULGUHVROXWLRQUDQJHVIURPPWRPWKXVWKHUHDUH
VHYHQOHYHOVLQWRWDO2QHDFKOHYHOWKHPXOWLREMHFWLYHVHDUFKDQGGHFLVLRQPDNLQJLV































































     
6,08/$7,215(68/76$1'$1$/<6(6 
2QWKHILUVWOHYHOSRWHQWLDOFHOOVDUHSODFHGRQDJULGZLWKWKHUHVROXWLRQRI













FRUUHVSRQGLQJ FRYHUDJH DUHDV RI WKHVH FHOOV DUH VKRZQ LQ )LJXUH  6LQFH WKH
RSWLPL]DWLRQ REMHFWLYHV DUH WKH VDPH DV WKRVH RI WKH FHOO VHOHFWLRQ $%63$' DOVR
SODFHV%6V DW KLJK SRVLWLRQV EHFDXVH WKH\ SURYLGH EHWWHU FRYHUDJH7KLV LVZK\ WKH
VROXWLRQ REWDLQHG E\ $%63$' ORRNV VLPLODU WR WKDW RQH LQ WKH FHOO VHOHFWLRQ
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:KDWKDSSHQV LI WKH WUDIILFGHPDQG LQFUHDVHV":KDWFDQZHGR LI WKH H[LVWLQJ FHOOV




1RPLQDO FHOO VSOLWWLQJ LV LOOXVWUDWHG LQ )LJXUH  ,QLWLDOO\ ODUJHVW SRVVLEOH FHOO






)LJXUH E1RZ WKH QXPEHU RI %6 VLWHV LV WKH VDPH EXW WKH QXPEHU RI FHOOV LV
WKUHH WLPHV ODUJHU WKDQ EHIRUH 7KH IROORZLQJ VWHS LV WR GR IXUWKHU FHOO VSOLWWLQJ LH
UHGXFLQJWKHVL]HRIH[LVWLQJFHOOVDQGDGGLQJQHZFHOOV$VZHVHHLQ)LJXUHF
































E 3KDVH  HDFK FHOO LV GLYLGHGLQWRFHOOVXVLQJRULJLQDOVLWHV F3KDVHROGFHOOVDUHUHGXFHGQHZFHOOVDUHDGGHGUHTXLULQJDGGLWLRQDOVLWHV
 &+$37(5&(//3/$11,1*(;3(5,0(175(68/76$1'$1$/<6(6
6WHS
,I FL KDV QR FRVLWH FHOOV GLYLGH LW LQWR WKUHH VHFWRUV FHOO VSOLWWLQJ
SKDVH
2WKHUZLVHUHGXFHWKHFHOOVL]HVXFKWKDW$WUIFL7PD[DQGDSSO\WKH







YDOXHVRI WKH ORFDO FRQGLWLRQ IXQFWLRQVPXVW EH UHFDOFXODWHG DIWHU DQ\ FHOO KDV EHHQ





7KLVDOJRULWKPLVXVHG LQ WKH IROORZLQJH[SHULPHQW7KHVHUYLFHDUHD LV WKH VDPHDV
WKDWLQWKHDERYH$%63$'H[SHULPHQWEXWKDYLQJPXFKKLJKHUWUDIILFGHPDQG1RZ
WKHUH DUH  (UODQJ WUDIILF DERXW WKUHH WLPHV PRUH WKDQ EHIRUH 
(UODQJ 7KH RULJLQDO FHOO VHW FRQVLVWV RI WKH VHYHQ FHOOV IRXQG LQ WKH $%63$'
H[SHULPHQW 'XH WR WKH JURZWK LQ WUDIILF GHPDQG WKH WUDIILF ORDGV RI WKHVH FHOOV








,Q WKH ILQDO VROXWLRQ%6 VLWHV DUH XVHG DQG HDFK VLWH VHUYHV WKUHH FHOOVZLWK
GLUHFWLRQDO DQWHQQDV +HQFH WKHUH DUH  FHOOV 7KHLU FRYHUDJH DUHDV DUH VKRZQ LQ
)LJXUH E $OO WKH FHOOV PHHW WKH UHTXLUHPHQW RI WUDIILF ORDG DQG LQWHUIHUHQFH
SUREDELOLW\7KHREMHFWLYHVFRUHVRIWKHILQDOVROXWLRQDUHDVIROORZVWKHFRYHUDJHUDWH
LVDQGWKHVSHFWUDOFRVWLV6LQFHWKHUHDUHWKUHHFHOOVIRUHDFK%6VLWHWKH













,Q WKLV FKDSWHU FHOO SODQQLQJ H[SHULPHQW UHVXOWV ZHUH SUHVHQWHG DQG DQDO\]HG
5HDOLVWLF JHRJUDSKLFDO GDWD DUH XVHG LQ WKHVH H[SHULPHQWV ZKLFK LQFOXGH WKH
WRSRJUDSKLFDO GDWDPRUSKRORJLFDO GDWD DQG WUDIILF GDWD )LHOG VWUHQJWK FDOFXODWLRQV
ZHUH GRQH E\ HPSOR\LQJ WKH &267  2NXPXUD+DWD PRGHO $ GDWDEDVH ZDV
GHYHORSHGWRPDQDJHWKHLQSXWGDWDDQGRSWLPL]DWLRQUHVXOWV
&HOOVHOHFWLRQZDVILUVWFRQVLGHUHGZKHUHDQRSWLPDOFHOOVHWZDVVHOHFWHGIURPD
QXPEHU RI SRWHQWLDO FHOOV &HOO GLPHQVLRQLQJ ZDV DSSOLHG WR RSWLPL]H WKH FHOO
FRQILJXUDWLRQV VXFK WKDW WKH V\VWHP SHUIRUPDQFH FRXOG EH LPSURYHG $QRWKHU
H[SHULPHQWZDVPDGHIRU$%63$'ZKLFKLVDEOHWRILQGWKHRSWLPDO%6VVLWHVDQG
VLPXOWDQHRXVO\ GHWHUPLQH WKH RSWLPDO SDUDPHWHUV RI HDFK FHOO )LQDOO\ WKH JURZWK
SODQQLQJSUREOHPKDVEHHQFRQVLGHUHG$KHXULVWLFDOJRULWKPEDVHGRQWKHWHFKQLTXH
RIFHOOVSOLWWLQJZDVSUHVHQWHG,WLVGHPRQVWUDWHGE\WKHH[SHULPHQWDOUHVXOWVWKDWWKH





WKH FHOO SODQQLQJ SUREOHPV DULVLQJ IURP PRELOH QHWZRUN GHVLJQ SUDFWLFH 7KHVH
SUREOHPVDUH13KDUGDQGLQYROYHQXPHURXVFRQVWUDLQWV,QWKLVZRUNVHYHUDORULJLQDO
FRQWULEXWLRQVKDYHEHHQSURGXFHG WR DFKLHYH WKH UHVHDUFK JRDO0DMRU FRQWULEXWLRQV





SODQQLQJ SUREOHP LV GHILQHG DQG DQDO\]HG IURP WKH YLHZSRLQW RI V\VWHP
SHUIRUPDQFH RSWLPL]DWLRQ )RXU NLQGV RI SUREOHPV DUH GLVWLQJXLVKHG FHOO
VHOHFWLRQ FHOO GLPHQVLRQLQJ DXWRPDWLF EDVH VWDWLRQ SODFHPHQW DQG
GLPHQVLRQLQJ$%63$'DQGJURZWKSODQQLQJ([SHULPHQWVZHUHPDGHIRUDOO
WKHIRXUSUREOHPV
/RFDO FRQGLWLRQV DQG JOREDO FRQGLWLRQV &HOOXODU V\VWHP SHUIRUPDQFH FULWHULD DUH
DGGUHVVHGE\ORFDOFRQGLWLRQVDQGJOREDOFRQGLWLRQV/RFDOFRQGLWLRQVLQFOXGLQJ
WKH WUDIILF ORDG DQG LQWHUIHUHQFH SUREDELOLW\ DUH GHILQHG RQ HDFK VLQJOH FHOO
ZKLOH JOREDO FRQGLWLRQV DUH GHILQHG RQ WKH ZKROH V\VWHP D VHW RI FHOOV




PXOWLREMHFWLYH RSWLPL]DWLRQ SUREOHP DV VHYHUDO REMHFWLYHV QHHG WR EH
FRQVLGHUHG VLPXOWDQHRXVO\ $IWHU DQDO\]LQJ WKH LQVXIILFLHQF\ RI FODVVLFDO
PHWKRGV ZH SURSRVH DQ DSSURDFK IRU VROYLQJ PXOWLREMHFWLYH SUREOHPV E\
LQWHJUDWLQJWKHVHDUFKDQGGHFLVLRQPDNLQJSURFHVVHV
'LVN JUDSK PRGHOV '*0V )RU WKH ILUVW WLPH '*0V DUH XVHG WR VWXG\ FHOO
SODQQLQJSUREOHPV7KHDGYDQWDJHRIWKHVHPRGHOVLVWKDWWKH\DUHLQGHSHQGHQW
 &+$37(5&21&/86,216
RIJHRJUDSKLFDOGDWD DQGQR ILHOG VWUHQJWK FDOFXODWLRQ LVQHHGHG7KXVZH FDQ
FRQFHQWUDWH RQ LQYHVWLJDWLQJ DOJRULWKPV $ QXPEHU RI WHVW SUREOHPV ZHUH
SUHVHQWHGDQGVLPXODWLRQVZHUHPDGHIRUWKHSXUSRVHRIDOJRULWKPVWXG\
$SSOLFDWLRQ RI JHQHWLF DOJRULWKPV *$V WR FHOO SODQQLQJ SUREOHPV *$V DUH
SDUWLFXODUO\ZHOOVXLWHG WRPXOWLREMHFWLYHRSWLPL]DWLRQEHFDXVHRI WKHLUDELOLW\
WR ILQGPXOWLSOH3DUHWR RSWLPDO VROXWLRQV LQ D VLQJOH UXQ7KH HOLWLVW16*$ LV
DSSOLHGWRWKHFHOOSODQQLQJSUREOHPV9DULRXV*$SDUDPHWHUVDUHLQYHVWLJDWHG
LQ RUGHU WR LPSURYH WKH DOJRULWKP SHUIRUPDQFH %HVLGHV UHDOYDOXHG*$V DUH
DSSOLHG WR WKH FHOO GLPHQVLRQLQJ SUREOHP LQ FRPSDULVRQ ZLWK ELQDU\ *$V
6LPXODWLRQ UHVXOWV GHPRQVWUDWH WKDW UHDOYDOXHG*$V DUHPRUH FRQYHQLHQW DQG
PD\DFKLHYHEHWWHUSHUIRUPDQFHIRUFRQWLQXRXVSDUDPHWHURSWLPL]DWLRQ
+LHUDUFKLFDODSSURDFK$KLHUDUFKLFDODSSURDFKLVSURSRVHGWRVROYH WKH$%63$'
WKDW LV LQWUDFWDEOHGXHWRWKHFRPSXWDWLRQDOFRPSOH[LW\$JHRJUDSKLFDOFRVW LV
LQWURGXFHGLQRUGHU WRDYRLGXQVXLWDEOHORFDWLRQVVXFKDVWKRVH LQZDWHU DQGD







RSWLPL]H SDUDPHWHUV RI ERWK RULJLQDO FHOOV DQG DGGLWLRQDO FHOOV VXFK WKDW WKH
JURZLQJ VHUYLFH GHPDQG FDQ EH PHW HIIHFWLYHO\ ZKLOH RIIHULQJ PLQLPXP
GLVWXUEDQFHWRWKHH[LVWLQJQHWZRUN
$VDZKROHWKHSUHVHQWZRUNLVODUJHO\RULJLQDODQGVKRXOGEHRIJUHDWLQWHUHVWWR
WKH PRELOH FRPPXQLFDWLRQV V\VWHP GHVLJQ FRPPXQLW\ DQG RSHUDWLRQV UHVHDUFK
VRFLHW\DVZHOODVRWKHUHQJLQHHULQJGHVLJQILHOGV
 )8785(:25.
6HYHUDOSURPLVLQJ DUHDV IRU IXUWKHUZRUN KDYH DULVHQ IURP WKLV UHVHDUFK FRQFHUQLQJ
PXOWLREMHFWLYH JHQHWLF DOJRULWKPV 02*$V PXOWLREMHFWLYH GHFLVLRQPDNLQJ DQG
FHOOXODUV\VWHPGHVLJQ
7KH 02*$ VKRXOG EH IXUWKHU LPSURYHG DQG PDGH PRUH HIILFLHQW 7KLV LV DQ
LPSRUWDQW IDFWRU ZKHQ GHDOLQJ ZLWK ODUJHVFDOH SUREOHPV 3DUDOOHOL]DWLRQ RI WKH
DOJRULWKP FRXOG SURYLGH JUHDW HQKDQFHPHQW 6LQFH WKH REMHFWLYH IXQFWLRQV DUH
FRPSXWDWLRQDOO\ LQWHQVLYHIRUFHOOSODQQLQJSUREOHPV WKH FRPSXWDWLRQDO WLPHZRXOG







GHPRQVWUDWHG WR EH VXSHULRU WR WKH RWKHU PHWKRGV +RZHYHU LW UHTXLUHV LQFUHDVHG
LQWHUDFWLRQEHWZHHQWKHGHFLVLRQPDNHUDQGWKHRSWLPL]HU,QFDVHRIDKXPDQGHFLVLRQ
PDNHU WKH QHHG IRU FRQVWDQW KXPDQ LQWHUYHQWLRQ PD\ EH DFWXDOO\ D GLVDGYDQWDJH
0RUHRYHU LIPRUH WKDQ WKUHH REMHFWLYHV DUH LQYROYHG WKH GLIILFXOW\ RI VKRZLQJ WKH
WUDGHRII VXUIDFH EHFRPHV DSSDUHQW 7KLVPD\ KHDYLO\ LQIOXHQFH WKH KXPDQ GHFLVLRQ
PDNHU 7KHUHIRUH ZH VXJJHVW DQ H[SHUW V\VWHP LV GHYHORSHG WR LQWHJUDWH WKH
H[SHULHQFH RI KXPDQ GHFLVLRQ PDNHUV VXFK WKDW PDQPDFKLQH LQWHUDFWLRQ LV QRW
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